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In order to clarify the dependence of strain localisation on different
parameters,	 a	 literature	 survey is presented covering the theory and
observations of instability formation during deformation, dynamic recovery
processes, mechanical testing, adiabatic heating and shear band formation.
Several series of experiments were carried out, on titanium bearing steel
and on an austenitic stainless steel , to determine the reasons of the inversion
of the dependence of the strain to the peak in flow stress on strain rate
observed at high strain rates. The materials were deformed under conditions of
plane strain and axisymmetric compression, and torsion. Special techniques were
developed in order to measure the distribution of strain and temperature within
deforming plane strain specimens.
In the strain distribution analysis, it was observed that the range of
local strains is dependent on nominal strain rates, but the average value of the
local strain either in the whole deforming region or the slip line bands depends
only on the value of nominal strain. When the plane strain specimens were
deformed with inserted thermocouples, it was found that both the overall
temperature increase and the difference in temperature between different local
regions of the specimen, increased with the nominal strain rate.
It was shown that, at high strain rates, the stress-strain curve of any
material will develop a peak in stress as a result of the increase of
temperature due to deformational heating, without the occurrence of any strain
instability.
The results emphasisethe complexity of deformation under plane strain
compression, particularly at high strain rate, but it was possible to compare
stress-strain curves obtained under plane strain and axisymmetric compression
conditions when the effects of strain and stress 	 distribution and of
temperature localisation were taken into account
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Chapter 1.
Introduction.
In industrial processing, materials are deformed in accordance with
complicated schedules in which a certain degree of redundant work is introduced.
This redundant work is, in the case of hot rolling, due to sticking friction in
the metal-roll interface, in the case of extrusion, it is due partly to the
geometry of the process. An extra factor is taken into account in productivity.
The different processes have to be performed at high rates of deformation and
obtain high outputs.
This combination of high strain rate and redundant work might increase the
probability of producing regions in the deforming materials in which the
deformation is highly localised. This heterogeneity is important because the
mechanical properties of the worked material are a result of the microstructure
and distribution of imperfections.
Various theories had been proposed to explain the influence of deformation
parameters such as strain rate, temperature and microstucture on the plastic
resistence to deformation in metals and alloys. Most of them deal with the
existence of a perfectly homogeneous material. Unfortunately, experimental
evidence suggests that the range over which a certain material will deform
homogeneously is smaller than the range in which a heterogeneous behaviour is
expected.
In order to obtain reliable parameters to test the different theories,
scaled down mechanical tests are carried out in a controlled environment.
Limitations exist in each test due to mechanical instabilities. The onset of
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these instabilities is characterized by a maximum in stress in a stress-strain
curve. Macroscopic features like necking in tension or buckling in compression
are examples of strain localisation, and as such are treated in the literature
survey which tries to present the different criteria and general solutions
developed for the mathematical problem.
The increase of temperature, due to deformational heating, is important in
the development of microstructural instabilities. Any strain sensitive material
will present a tendency to deform prefentially in soft regions increasing at the
same time the actual temperature. At high temperatures, in which dynamic
restoration mechanisms are operative, additional softening is achieved, and at
high strain rates localisation of both strain and temperature might be enhanced.
In the text, the onset and the effect of plastic instabilities are treated.
The macroscopic case is developed in surveys dealing with mechanical testing at
high temperature. The microscopic case is presented in surveys relating the
effect of dynamic restoration processes and formation of shear bands observed in
high strain rate deformations.
Tests carried out at high strain rates and high temperatures in different
materials have presented anomalies with regards to the strain at which the onset
of dynamic recrystallisation is achieved, characteristised by a peak in stress
in a stress-strain curve (McQueen et a] , 1976; Farag and Hamdy, 1977;
Fritzemeier et a], 1979; Cold's 1980; Leduc, 1980).
The aim of this work is to determine the possible causes of mechanical
instabilities at high temperature and high strain rates. Work was carried out in
an austenitic AISI type 316 stainless steel tested under axisymmetric and plane
strain compression and torsion conditions. Preliminary tests were carried out
using the titanium bearing steel studied previously (CoiSs, 1980; Leduc, 1980).
.
Chapter 2
Heterogeneous Deformation.
2.1. Introduction.
Heterogeneous or non-uniform deformation exerts a strong influence in each
of the main areas concerned with mechanical behaviour of materials: testing,
structural strength and forming. The testing of mechanical properties is usually
carried-out on so called representative specimens or samples. Unless the
deformation is uniform, the test data will not represent the 	 material
properties. In structural applications, a safety margin is desirable if the
yield stress is exceeded. In this case, widespread plasticity is better than
local, unstable behaviour. In forming, there are usually a number of possible
forming schedules or paths with respect to the straining conditions. Even if -
localised deformation does not lead to failure, it may cause disturbing surface
defects.
2.2. Stability Criteria.
In order to determine the domain of a homogeneous mode of deformation over
a heterogeneous one, some stability criteria have been postulated. Depending on
their basis, the criteria can be divided into phenomenological, if they are
based on constructions from the stress-strain curves, or physical, if they deal
with particular deformation mechanisms. 	 -
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2.2.1. Phenomenological criteria.
The first instability criterion was given by Considère (1885), who analysed
the case of the neck formation in tensile specimens. 	 His	 geometrical
construction is given by the relationship
F = oA	 (2.1)
where F, a and A are the force, stress and cross-sectional area respectively,
and by the total differential
dF = adA + Ado	 (2.2)
Under tensile conditions, the force-displacement curve presents a local maximum
at the begining of the neck formation, dF = 0, then equation (2.2) yields
=	 = d	 (2.3)
a	 A
where E is the true strain. Under these conditions, the onset of instability
will be given by the relationship
(2.4)
where 1 = dino/dE is an apparent work hardening coefficient, not to be confused -
with the more common n = dino/dinc.
Hart (1967) assumed that at any stage of deformation the stress is
dependent on the previous strain history, and that small changes in strain or
strain rate, E, will correspond linearly with small changes in stress,
do = kdE + £dE
	 (2.5)
where k and £ are material parameters that depend on the specimen history. In
order to determine the stability he computed the variation in the cross-
sectional area increment rate, dA, as a function of the variation in the cross-
sectional area, dA. With these assumptions, in a tensile test, at the point of
zero increment of load, dF = 0, equations (2.2), (2.3) and (2.5) can be combined
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to obtain
dlnA = - 1 -- m	
(2.6)
dmA	 Al
where m = dlno/dln is the strain rate sensitivity. The criterion is given by
dmA <
	
(2.7)
dmA
or, with the help of y and m, the onset of instability is achieved when
y= 1-rn	 (2.8)
This criterion is in agreement with the previous one, for strain hardening
material with negligible rate dependence, figure 8 a.).
Campbell (1967) presented an analysis assuming that the strain rate of the
material is a function of the values of stress and strain. He introduces the
strain gradient, A =&/x, where x is the distance along the axis of the
specimen. This strain gradient is defined, for a certain position and time, as
1
11-E
	
dx
so that
ax= 1	 a - ________
at	 i + E ax	 (11-E)2 ax
(2.9)
(2.10)
The rate dependence of the material is assumed to be governed by the equation
= g( a ,
	 )
	
(2.11)
This equation is expected from dislocation theory, since the strain rate is
determined by the density and mean velocity of moving dislocations. Assuming
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volume constancy, equation (2.11) can be rewritten as
c = g[___(1 + ) , EJ	 (2.12)
where F is the force and A0 the initial cross-sectional area. By substitution of
equation (2.12) in (2.10), we obtain
ax + Px = Q
	
(2.13)
at
Where
=	
-	 a	 g
	
(2.14)
1+E	 aE	 l+E	 £
and
= -	 0	 a9	 (2.15)
1+E aa A0 ax
It follows from (2.13) that in the stable region, where P < 0, the strain
gradient A is at any instant tending asymptotically towards a value which
depends on the initial non-uniformity of the specimen. A strongly rate-dependent
material will show a less rapid movement towards a limiting value.
Jonas et al (1976) extended Hart's criterion, equation (2.7), to allow
compressive deformations. Generally, the former constructions cannot be applied
to this type of deformation, because the rate of work hardening is usually
positive, and hence its effects on the load carrying ability of the sample
supplements the rate of increase in cross-section. Instability will be achieved
if the rate of flow softening exceeds the rate of area increase. In order to
verify those criteria, a sign convention was established, F, 0, E and	 are
negative, m, A and A are positive, and, in flow softening materials, ao/aE is
first positive and then negative, whereas F and 'y are first negative and then
positive. Their work is summarised in figure 1. For the case of tension, Hart's
criterion is achieved after the one proposed by Considére, due to the effect of
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the strain rate sensitivity. In figure 1 b.), the case of compression is
exemplified. In this case, Considëre's criterion is achieved before the one
proposed by Hart. It is interesting to notice (Jonas and Baudelet, 1977) that
both criteria are not in conflict, but describe different stages in strain
concentration.
Other authors (Demeri and Conrad, 1978) considered two elements of slightly
unequal length, a and b, where b is longer than a. The non-uniformity in length,
Og , for the two elements is given by
(2.16)
During plastic flow, the extension rates for the two elements are
= d/dt	 and	 £b = db/dt	 (2.17)
It is considered that non-uniformity will grow if 	 b - a > 0. In that case,
local plastic flow will be called unstable when
i/5. < 0	 (2.18)
Taking into account equations (2.3) and (2.5), the criterion can be written as
y+ ma = 1	 (2.19)
which is similar to (2.8) with the parameter a = öln/öE, that represents the
elongation stability.
The case of flow instability in torsion is analysed by Semiatin and Lahoti
(1981a). They consider that the applied torque, M, is a function of the amount
of twist, Q, twisting rate, Q, and temperature, T.
dM =	 dg +	 dQ +	 dT	 (2.20)
a g	 a@
At a fixed g, the normalised torque hardening rate, , is given by
-8-
_idM = (aM dQ +	 dT
M dQ	 \a	 aT	 I MdQ
with this relation (2.20) can be rewritten as
M	 alnM
dM = Md +-	 dQ
ain
(2.21)
(2.22)
With the aid of equivalent stress and strain, the strain rate sensitivity can be
expressed as
m=	
alno	 alnM
	
(2.23)
81n	 alnQ
The onset of instability under torsion conditions, equation (2.5) can be
rewritten as
dM = 0 = M dQ + (M/Q)m dQ
	
(2.24)
So the criterion can be written as
M + (M/Q)m =1
	
(2.25)
A further analysis along the lines established by Hart (1967), was
formulated by Ferron and Mliha-Touati (1982). This analysis departs from the
differential equation (2.5) written as
dma =ydE + mdln	 (2.26)
where m = f(a,) and y = g(o,E) are the strain rate sensitivity and the work
hardening coefficient. They established as a condition that the values of stress
and strain rate when y = 1 follow a relationship of the form
n.m
a = kE E (2.31)
and
-9-
0 aE
	
(2.27)
where a and p are constants. They describe a further parameter, , relating the
structural changes for a particular deformation history. If the strain rate
sensitivity is constant, the equation for the line of constant structure is
given by
0=	
p-m rn	 (2.28)
Taking into account that a1n/aln = 0 for any particular deformation history,
equation (2.28) yields to
y= (p-rn)_dln
	
(2.29)
dc
Under constant strain rate and with p = 1, this last equation is transformed
into equation (2.8).
Other authors (Huntchinson and Neale, 1977; Ghosch, 1978) assume that an
imperfection is defined by the cross-sectional decrement in figure 2. It is
assumed that the cross-sectional area at the imperfection is less than that
outside by a fraction, f, such that for axial load equilibrium
o 1( 1f ) Ao exp (_ E ) = ohAoexp(_Eh)	 (2.30)
where 
°h'	 and h'
	
are the stresses and strains, respectively inside and
outside the imperfection. They use two constitutive laws in order to evaluate a
numerical solution of (2.30):
o = k[
	
+ mln(E/0)]
	
(2.32)
where k refers to a strength coefficient, n is the strain hardening exponent, m
the strain rate sensitivity and
	 is a reference strain rate at which strain
- 10 -
rate hardening is negligible. They used equation (2.31) for a long wavelength
approach, ignoring interaction between the deformation elements and simply
consider two regions, an imperfection and the otherwise homogeneous specimen,
and equation (2.32) for small wavelength analysis, considering many slices, and
their iteration leading to a gradual departure from uniaxiality.
2.2.2. Physical criteria.
Violan (1972, 1973) considers that the plastic deformation of a metal is
carried out by the heterogeneous creation and displacement of dislocations. He
considers that at any given instant and at a point x of the longitudinal axis
there exists a gradient, X, of a density of dislocations, p
x = aplax
	
(2.33)
He considers that the density of dislocations depends only on the strain and the
relation:
0	 O +0*	 (2.34) -
where o. is the internal stress depending on the density of dislocations and o
is the active stress, and that
(2.35)
where	 is the density of mobile dislocations, b the Burgers vector, v the
dislocations velocity and a a constant. His criterion is given by the expression
0 >
	
	
(2.36)
x at
Assuming that in tension, at any instant and position, the force is the same
along the specimen, we get
- 11 -
	
F	 I
(2.37)
	
F ax	 a ax	 A ax
taking into account the constancy of volume, at any instant
= alno
ax	 ax
Assuming that the dislocation density depends only on the strain,
ap aE
aE ax
and
2	 2	 2
ax = a p = aE	 a	 + aQ	 aE
at	 atax	 ax atae	 a	 atax
(2.38)
(2.39)
(2.40)
With the above equations, and after algebraical manipulations, the stability
criterion is written as
	
ao1	 aP
0<	 -
	a 	 aE
a 
'lnp ap
maE
a
l fh1)m
(2.41)
At high strains, assuming 
m 
constant and that p increases in the form
p = p o[ ]- - kexp(s)]
	
(2.42)
where Po and k are constants, and the active stress is given by (Gilman, 1968)
v = v0
	
	
(2.43)
" 001
where vo, Oo and m are constants, the stability criterion can be written as
- 12 -
	
ap	 ao*
0<	 +
	 (2.44)
	
ap aE	 amy
With the help of (2.33) this can be written as
ama + ama > 1
	
(2.45)
amy
That is similar to equation (2.8) with a dislocation rate sensitivity.
Other authors (Malaprade et al, 1978; Rouby et al, 1979) present a
thermodynamic interpretation of the criterion expressed by Hart (1967). Here, in
the presence of a thermally activated jump of obstacles by dislocations, the
strain rate is given by
E	 pm_T)	 (^.4b)
where	 is a constant, k the Boltzmann constant, tG is the free Gibbs activation
energy for the jumping process, that in the case of rectangular barriers is
given by the formula
= G 0 - ov	 (2.47)
where v is the activation volume, and	 is the density of mobile dislocations,
expressed by the relationship (Gilman, 1968)
= (Po + cE)exp(-E)	 (2.48)
where Po is the original dislocation density, c the dislocation multiplication
factor and
	
is the attrition coefficient of the mobile 	 fraction	 of
dislocations. With the aid of the former equations, equation (2.5) relating the
general variation of the stress with strain and strain rate is written as
do =	 dE - kT	 0c^ CE - ) dE	 (2.49)
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In this way, equation (2.8) can be written as
kT	 c
vo (i----^) >1 (2.50)
where	 = poC . From this equation, one can see that a decrease of the test
temperature will tend to make the deformation more quickly unstable. Figure 3
shows previous results for ARMCO iron, with respect to the unstable-stable
domain found for different grain sizes (Violan, 1973).
2.3. Equations Related to a General Solution.
Argon (1973) considered in detail the conditions of stability and strain
localisation for pressure and strain rate sensitivity materials under adiabatic
conditions for deformation. Phenornenologically, the strain rate, is given by an
expression of the type
c	 exp[ -H(a,i,p)/RT]	 (2.51)
where the pre-exponential E	 is a product of the volume concentration of
dislocation density, the volume of the local rearranging region and a frequency
factor incorporating all components of the activation entropy of the process, a,
t, and p are respectively the applied stress, the plastic resistance of the
material, defined as the flow stress in shear at absolute zero and in the
absence of any pressure, and the pressure, R the gas constant, T the temperature
and H is the activation enthalpy characteristic of the local rearrengement
process. Changes in the applied stress, the pressure, the plastic resistance and
temperature produce changes in the strain rate given by
- 14 -
H\ r ._!	 do - -1 	-!!. dt -	 d p +	 d T1
	(2. 52)= Eoexp (-
	
)L RT ao	 RT 8t	 RT ap	 RT2 i
when a local region undergoes plastic deformation only a small portion of the
deformation work is stored and produces strain hardening, the major fraction, ,
of it is converted into heat.
If the entire part deformed homogeneously, and no heat were lost to
surroundings, the rate of temperature rise would be given by
=	 OE	 (2.53)
dt	 pC
where p is the material density and c its specific heat. In the case of
heterogeneous deformation, in bands of thickness h, and heat conduction out of
such bands, the rate of temperature rise is depressed by a high thermal
diffusivity, a = k/pc, where k is the thermal conductivity, and accentuated by
the square of the band thickness and the reciprocal of the time for deformation,
considering
dT	 pc	 h2 =
	 ah2E	 (2.54)
dt	 pc	 k	 kE
is an adequate representation of the local adiabatic heating effect. With the
incorporation of equation (2.52), the fundamental equation of the process can be
written as
- 1 atH . -	 iaM .	 1	 HatLH oh2\ (2.55)--0	 p+
dE	 RI ao	 RT ap	 RTaIaE	 RI kET j
- 15 -
Differentiation of equation (2.51) yields
	
aH = 
._L_ aH = - RI	 (2.56)
ao	 a alna	 ma
where m is the strain rate sensitivity as defined by Hart (1967). Assuming that
the activation enthalpy is a function of the ratio of the shear stress to the
plastic resistance and that the pressure affects the rearrangement only through
its effect on the plastic resistance, equation (2.55) can be written as
ci	 1ô _ialnt	
e
dc	 m a
	
m alnp p \ mi	 (2.57)
where Q is the adiabatic heating term (H/RT)(oh 2/ksT). In experiments
performed at constant strain rate, the criterion for a maximum in load is given
by
-	
- alnT -
	
1 + g = a
m	 alnp	 as
(2.58)
In the special case where the pressure dependence of the plastic resistance is
negligible and the adiabatic heating effect can be ignored the result is
1 - alni + m = 0
	
(2.59)
as
which looks like equation (2.8) with the difference that the condition involves
the plastic resistance and not the applied stress.
Lin et al (1981) used a very similar approach to that described by Ferron
and Mliha-Touati (1982), section 2.2.1, for the case of tensile tests. Here, the
plastic strain, the cross-sectional area, and their time rates of change are
given by
- 16 -
dc - do = dlnA0 - dmA
	
(2.60)
and
= -A/A
	
(2.61)
where Eo and A0 are the initial values for strain and cross-sectional area.
Combining equations (2.5), (2.60) and (2.61) it is found that
dlnE	 dlna	 dlnF
m = ____ - = ____ + 1 -	 (2.62)
d€	 do
where F is the load. From those relations, and with the relationship (Kocks et
al, 1979)
8 2lnA = a1n	 (2.63)
aEax	 ax
where x is the distance along the axis in the tensile specimen, the differential
equation is deduced
a2lnA = - alnE aE + a1n alno
aEax	 aE ax alno ax
_ y aE - 1 ama
max m ax
= . {i._	 amA + (a1 0 +	
Q. )- 
amnFJ	 (2.64)
If the load F is uniform and m and y are constants (Hart, 1967), the solution of
the equation is
- 17 -
amA = Y(dlnAo/dx + dEo/d>) exp __'' ( -
ax	 l-'Y	 m
-	
'	 (ain	 + dE0'	 (2.65)
	
i-Y \ax
	
dx)
This equation shows that the gradient (amA/ax) increases infinitely with strain
if '1< 1, but that the specimen remains approximately uniform as straining
continues if Y > 1.
Other authors (Kocks et al 1978, 1979; Kocks, 1981) refute the former
analysis (Lin et al , 1981) because m and Y are not material properties depending
only on the current state, but they also depend on the history of each cross-
section. This is avoided if the time gradients for stress, strain and strain
rate in one material element are taken into account. In this case, equation
(2.5) is written as
m alnE = 3lno -	 (2.66)
at	 at
where m and Y are now material properties depending only on the current state,
not on the deformation path. A description of gradients in stress, strain and
strain rate along the specimen can now be obtained by differentiation of
equation (2.66) with the position x. One obtains (Kocks et a], 1979; Kocks,
1981) the equation
a2y
m	 + ( - 1 + )	 - mY = 0	 (2.67)
aE	 c3E
where V =-amnA/ax describes the relative gradient in cross-sectional area along
the specimen; its derivative with respect to strain is equivalent to the strai.n
rate gradient along the specimen
= alnE
ax
(2.68)
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= Y/1nE and	 -aY/alna represent the dependence of the strain hardening
coefficient on strain rate and stress. From equation (2.69), a general
differential equation for the development of non-uniform deformation becomes
(Kocks, 1981)
alnE + (5 + b) alnE = - I amA - c amA	 (2.69)
aEax	 ax	 m aE	 ax
where S =-amnE/aE is the deceleration in a creep test, b = a5/amn	 and
c = as/alna represent the dependence of this deceleration on strain rate and
stress.
The importance of the parameter 5, is shown in figure 4, in the which the
developement of the strain gradient c' with strain for a deformation defect,
characterized by a constant initial strain gradient 	 . the growth occurs only
for 5< 0 but decay is slow for small positive values of this parameter. Figure
5 shows a schematic solution for equation (2.67). One branch corresponds to the
evolution of the area gradient due to geometrical defects and the other
corresponds to deformation defects.
2.4. Evolution of Plastic Flow.
Jonas and Baudelet (1977) considered an approach similar to that of
Campbell	 (1967), deriving an equation for plastic stability valid in the
presence of both mechanical and geometrical defects. Extending the model to
include the generation by deformation of spherical cavities and planar cracks.
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They found that the effect of machining defects is higher than the effect caused
by mechanical defects, considering that the former ones will grow from the
initiation of plastic deformation. Generation of spherical cavities or voids and
planar cracks during straining increase the tendency towards tensile instability
by reducing the effective values of the work hardening coefficient and the rate
sensitivity. Void generation also diminishes the reduction in area at fracture.
In other works (Jalinier et al, 1978; Canova et a], 1980), it was
considered that the flow can be divided in four different stages, figure 6. In
the first stage, the flow is stable, is an interval of defect healing, the
strain rate gradients decrease, until a certain strain, Ek, is reached in the
low defect gradient parts of the specimen (Jonas et a], 1976), and this
condition is propagated toward the region of steepest strength or area
gradients. The second stage corresponds to a very slow localisation. After the
last part of the specimen exceeds	 and continues until the narrowest part
reaches the Considére strain,	 Stage three corresponds to unstable flow
concentration, here, Considère's criterion is first reached in the neck and is
propagated to the bulk. If the strain rate sensitivity is low or the strength
gradient is high, failure can occur before the macroscopic strain reaches the
Considère value. Complete flow localisation is reached in the fourth stage, this
is achieved when the forming limit is reached in the bulk.
Semiatin and Lahoti (1982, 1983) considered the case of flow localisation
of one and two phases titanium alloys under isothermal and nonisotherma]
sidepressing of cylindrical specimens. In a treatment similar to that of Jonas
et al (1976), they reached an expression for the rate of flow localisation, a
(Semiatin and Lahoti, 1981)
1	 dE
--= a
	 (2.70)
E do	 m
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In agreement with Jonas et al (1976), they predict that materials with a greater
than or equal to five are susceptible to persistent flow localisation.
2.5. Conclusions.
As was pointed before (Jonas et al, 1976), the different criteria for
instability depend on the actual parameter used to measure the instability, in
the testing conditions, and, in general, represent different stages of strain
localisation. Figure 7 from Demeri and Conrad (1978), shows the variation for
three different criteria. In a material insensitive to the strain rate, the
criteria are the same. Furthermore, the criteria are based on different testing
conditions, Hart (1967) based his analysis in results from tensile tests, Jonas
et al (1976) analysis is based in materials tested under compressive conditions,
that present negative strain hardening, and the one by Demeri and Conrad (1978)
is based in the gradient concentration along the length of a sheet tested under
plane stress conditions.
The influence of the testing conditions arises mainly from the macroscopic
features related to the plastic instability. In the case of tensile samples
(Considére, 1885; Campbell, 1967; Hart, 1967) or in sheet stretching (Conrad,
1978; Demeri and Conrad, 1978; Needleman, 1978), the instability is associated
with the onset of the necking. In the case of axysimmetric compression (Jonas et
al, 1976; Kocks, 1980; Semiatin and Lahoti, 1981), the result of the instability
is the bulging or barreling in the specimen. In torsion (Kocks, 1980; Semiatin
and Lahoti, 1981a), in which the dimensions of the specimen remain constant, the
instability is associated with the formation of rings along the gauge length of
the specimen. In the more complex case of sidepressing (Semiatin and Lahoti,
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1982, 1983), where the material deforms under plane strain conditions, the
strain localisation follows the line of maximum shear given as a solution of the
slip line field.
The instability is associated with the appearance of a local maximum in a
stress strain curve. Under these conditions, metallurgical phenomena like Lüders
band formation (Violan, 1972, 1973; Kocks, 1980) or jerky flow (Kocks, 1980)
have been analysed successfully. It is interesting to notice that under those
former assumptions, dynamic restoration processes, multiple phase deformation
and adiabatic heating can be treated from the point of view of instability
formation.
Chapter 3.
Instability in Testing Techniques.
3.1. Introduction.
In the former chapter, the criteria established to determine the onset of
instability were discussed. Those criteria are based on the existence of a
maximum in load in the load-displacement curves obtained in laboratory testing.
The laboratory methods of assessing properties during hot forming are
essentially tension, axisymmetric or plane strain compression or torsion. The
general merits and limitations of each method have been reviewed previously
(McQueen and Jonas, 1971; Sellars and Tegart, 1972; Ahlblom and Sandstr5m, 1982;
Nester and Pohland, 1982), and this review will be concerned mainly with
phenomena induced by strain localisation during hot working.
3.2. Tension.
In the hot tensile test, necking is the main drawback. It is recognized
that if the temperature gradient within the specimen is moderate, it is possible
to deform the specimen up to strains of around 0.3 (McQueen and Jonas, 1971).
Recently some authors (Plaut and Sellars, 1983) have shown that strains of the
order of 1.5 can be deduced if it is considered that the material being strained
obeys an equation of state.
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It was established (Avery and Backofen, 1965; Hart, 1967) that a large
amount of neck-free elongation is related to a high strain rate sensitivity, m.
Woodford (1968) measured the total elongation in different metals and alloys
under tensile and creep conditions and then related it to the strain rate
sensitivity. He assumed that the total elongation values will describe the
effect of the strain rate on the deformation mechanisms and does not include an
effect on structure. In figure 8 appears a plot of the strain rate sensitivity
versus elongation at rupture for a number of different materials. As can be
seen, a correlation can be obtained, not withstanding the uncertainties of the
sensitivity and the elongation. Due to the high uncertainty in measuring the
elongation at the fracture, the reduction of area is taken as a measure of
ductility in hot tensile testing (Ahlblom and SandstrOm, 1982).
Figure 9 shows the effect of strain rate on ductility for a l8Cr-8N1 steel
(Gittins et al, 1973). The curve for the specimens tested at 1100 C present a
maximum reduction in area around strain rates of 1 sec. The low ductility
presented at low strain rates is assumed to be due to increase of grain boundary
sliding. Around strain rates of 1 sec, the material undergoes dynamic
recrystallisation before rupture, increasing the ductility (Ahlblom, 1977). At
higher strain rates dynamic recrystallisation is probably too slow to be
important (Ahiblom, 1977; Ahlblom and Sandstrtm, 1982).
Figure 10 a.) compares stress-strain curves for lead, at room temperature
and low strain rates, tested under tension and torsion (Sellars et al, 1976). It
can be seen that the values of strain and stress to the peak are comparable.
However, inspection of the curves after the first peak shows difference in the
rate of fall of the flow stress; this being steeper for tension that for
torsion. This can be attributed to the instability of deformation when the work
softening associated with dynamic recrystallisation takes place (Jonas and
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Luton, 1978; Sellars, 1981). In tension, necks form in the first recrystallising
sections and propagate along the specimen (Cottingham, 1968).
3.3. Compression.
This mode of deformation is more suitable for hot working studies since the
stress system is closer to those found in deformation processing (McQueen and
Jonas, 1971). For the achievement of constant strain rates, computer controlled
servohydraulic systems are used for axisymmetric compression (Ahiblom, 1977;
Roberts et al, 1979; Fitzsimons et al, 1981) and plane strain compression
(Sellars et al, 1976; Pawelski et al, 1978; Beynon, 1979; Foster, 1981).
3.3.1. Axisymmetric compression.
In axial compression of a cylinder without friction at the die contact
surfaces, the test specimen undergoes uniform deformation through its volume. No
barreling of the cylindrical surfaces occurs and it can be shown that the
circunferential and radial strains are tensile and equal to one half of the
magnitude of the axial compressive strain. During axial compression with
friction at the die contact surfaces, bulging, or barreling, of the free
surfaces occurs and the stress and strain distributions are non-uniform (Jonas
et al, 1976; Kocks, 1980). Increasing friction or decreasing the height to
diameter ratio increases the bulge curvature and degree of non-uniformity (Kuhn,
1978, 1978a; Fitzsimons et a], 1981).
Korbel and Blaz (1980) testing copper found that local oscillations in
strain rate occurred in conjunction with stress oscillations, typical of local
dynamic	 recrystallisation.	 They	 concluded that mechanical instabilities
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reflected in the load, or stress, were connected with nucleation of broad slip
bands that seemed to transverse the specimen like Lüders bands. For specimens
that did not present load oscillations, no strain rate oscillations were
present.
In work with titanium alloys (Semiatin and Lahoti, 1981), it was found that
in non-isothermal tests, the strain was localised towards the centre of the
specimen, due to the chilling effect over the contact surfaces. Strain
concentration was found in a titanium a-	 alloy tested under isothermal
conditi ons.
Other authors (Mataya and Krauss, 1981; Mataya et al, 1982) used
cylindrical specimens that featured a reduced gauge section where deformation
was concentrated. Due to the special geometry, an apparent reduction in the
testing volume is developed in the specimen, penetration of the reduced section
on the bulk specimen occurs. The ratio of the initial and final reduced gauge
volumen is considered to be a measure of the propensity for flow localisation in
the material during hot working.
Abdul and Bramley (1973) suggested the testing of annular specimens to
calculate stress-strain curves and avoid friction effects, but it is limited by
the precision in measuring the rings.
3.3.2. Plane strain compression.
This method has been used less for simulation, although it offers the
advantage of having the same mode of deformation as in rolling (Sellars, 1981).
An advantage of this test over axisymmetric compression is that the error
introduced into the stress and strain calculations is small due to the small
change of geometry in contact with the working tools. In axisymmetric
compression, the area in contact with the dies increases as the height
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decreases, and, in general, the area increase is calculated as a function of the
constancy of volume over the whole specimen.
Theoretically, the slip line field for plane strain compression should lie
at 45° (Rowe, 1965). Figure 11 represents slip line field solutions for
different friction and geometry conditions (Loong, 1976). As can be seen, an
increase in the friction coefficient increases the divergence between the main
fan axis and the vertical, supporting recent results by Anarid and Spitzig
(1982).
The complexity of the strain distribution (Beynon, 1979; Beynon and
Sellars, 1983; Puchi, 1983) may permit explanation of the difference between the
curves in figures 12 and 13, for lead (Sellars et al, 1976), and niobium bearing
steel (Foster, 1981) tested with different initial geometries.
Figure 14 shows the strain distribution along the centre line of lead
specimens with width over height ratios of a.) 1.6 and b.) 3.0 (Sellars et al,
1976). As can be seen, the strain distribution is a function of the initial
geometry. Figure 15 represents the strain distribution within a quarter of a
lead specimen tested at room temperature (Sellars et al, 1976).
Figure 10 b.) shows stress-strain curves for lead tested at room
temperature at high strain rates. The cases of axisymmetric and plane strain
compression and torsion are compared. It can be seen that both compressive tests
yield a less steep decrease in stress after the maximum is achieved; the
decrease being less steep for plane strain compression. This seems to indicate
no instability associated with dynamic recrystallisation for the plane strain
tests (Sellars, 1981). Recent results by Barbosa (1983) and Puchi (1983) show
that the kinetics of static recrystallisation after deformation in plane strain
compression are strongly position dependent.
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Other research (Semiatin and Lahoti, 1982, 1983) on titanium alloys
suggests	 that a very strong strain gradient developed in plane strain
compression. They found that isothermal and non-isothermal tests presented
strain localisation similar to the concentration presented in non-isothermal
axisymmetric tests. Work by Chandra et a] (1979, 1982) describe the creation of
high angle boundaries, in specific regions, after high strains in aluminium
deformed under plane strain compression at high temperature.
3.4. Torsion.
This mode of deformation is widely used because of the high strains that
can be achieved. The difficulties with the torsion tests arise from the gradient
in strain, stress and strain rate from the axis to the surface (Rossard and
Blain, 1958; Rossard, 1960; McQueen and Jonas, 1971; Barraclough et al, 1973).
A wide array of specimen geometries has been employed. Barraclough et a]
(1973) did a systematic study on the effect of variation of the specimen
geometry on the stress-strain curves for a wide range of alloys. They concluded
that for materials that only exhibit dynamic recovery, the gauge length over
radius ratio has little effect on the stress-strain curves. For materials that
present dynamic recrystallisation, the strain to the maximum stress increases as
the gauge length over radius ratio is reduced below 2:1. At high strain rates,
it was concluded that the effect of adiabatic heating was greater as the length
over radius ratio was increased.
White and Rossard (1968) show an exponential relationship between the
ductility, measured in revolutions to fracture, and the strain rate, reported in
revolutions per minute, for a Fe-36Ni alloy. Nikkilã (1972) found that in two
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stainless steels, the hot ductility increased with increasing strain rate.
Barraclough et al (1973) found that the strain to failure was independent of the
gauge length over radius ratio provided a correction was made for deformation
penetrating into the fillets between the parallel gauge length and the
shoulders.
Results from Lombry et al (1979) on ferritic steels show that at high
strains, the deformation was concentrated in specific regions of the material
being tested, causing a transformation from low to high angle in some subgrain
boundari es.
In figures 10 a.) and b.), the stress-strain curves obtained for lead at
low and high strain rates are compared with those of other methods. Comparing
the rate of stress decrease after the first maximum in stress, it can be seen
that the case of torsion lies between the tension and compression cases. In
torsion, banding occurs (Sah et al, 1973; Semiatin and Lahoti, 1981a) along the
length of the specimen with "discs" recrystallising at different rates (Sah et
al, 1973), and deformation concentrated in different discs.
3.5. Bending.
This method was used by Nicholson et al (1968) in order to determine
surface cracking during hot working. More recently, this method has been used at
high temperatures by a limited number of researchers (Kuhn, 1978, 1978a;
Fitzsimons et al, 1981). The strains in bending are similar to those at the
barreled surfaces in axisymmetric compression (Fitzsimons et al, 1981). It is
claimed that this test is useful when the work piece to be evaluated is not
cylindrical or when the desired tensile stress orientation cannot be obtained by
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compression (Kuhn, 1978a).
3.6. Conclusions.
From the works reviewed, it can be concluded that the plastic deformation
is not carried out under homogeneous conditions. The degree of heterogeneity
depends on the testing method (Barraclough et al , 1973; Mataya and Krauss, 1981;
Fitzsimons et a], 1981; Serniatin and Lahoti, 1982, 1983), and on the material
being tested (Barraclough et al, 1973; Sellars et a], 1976; Semiatin and Lahoti,
1981, 1981).
In materials in which dynamic recovery is the only operative process, the
material deforms homogeneously, and stress-strain curves obtained under
different testing conditions can be compared with each other (Barraclough et al,
1973). At high strain, and under severe deformation conditions, heterogeneous
deformation, characterized by the formation of high angle boundaries within one
grain, occurs in materials that recover dynamically (Chandra et al, 1979, 1982;
Lombry et al, 1979). In materials that recrystallise dynamically, the
deformation will be localised in the regions in which the critical value for the
achievement of the process is obtained (Cottingham, 1968; Korbel and Blaz, 1980;
Mataya and Krauss, 1981; Mataya et al, 1982).
Under dynamic recrystallisation conditions, the degree of localisation
decreases from tension to torsion to compression (Sellars, 1981). In tension,
the localisation is achieved first in the neck and then extends to the rest of
the specimen (Cottingham, 1968). In torsion, the instability is created in discs
along the gauge section (Sah et a] , 1973). In axisymmetric compression, the
dynamically recrystallised material lies in broad lines. In the case of plane
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strain, recent work by Barbosa (1983) suggests that the localisation is in
function of the theoretical slip line field solution.
Chapter 4.
Dynamic Restoration Processes.
4.1. Introduction.
In Chapter 2, it was indicated that instabilities in mechanical testing are
associated with the presence of local maxima of stress in a stress-strain curve.
At high temperatures, those local maxima in stress are found under dynamic
restoration conditions.
Reviews dealing with the generic conditions under which those processes
develop have been published by several authors (Jonas et a], 1969; Sellars and
Tegart, 1972; Jonas and McQueen, 1975; Tegart and Gittins, 1977; Mecking and
Gottstein, 1978; McQueen and Baudelet, 1979; Sellars, 1978). Here, strain
localisation, and phenomena related with it, in the course of the dynamic
restoration processes will be discussed.
4.2. Dynamic Recovery.
When a recrystallised metal is loaded at constant nominal strain rate, the
resultant flow curve can be divided in various parts. In the first one, the work
hardening rate decreases, until finally, in the last part or steady state region
the net rate of work hardening is zero, figure 16. The steady state regime Is
characterized by the constancy of stress, at constant temperature and strain
rate.
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It should be noted that the simple shape of the flow curves illustrated in
the previous figure is found when the softening is limited to dynamic recovery
processes. In practice, the shape of the curve may be altered as a result of the
operation of other mechanisms (Jonas and Luton, 1978; Mecking and Grinberg,
1979; Korbel et al , 1983).
4.2.1. Microstructural developments.
During	 the stage of positive strain hardening, dislocations become
entangled and begin to form a cellular structure. By the time the steady state
regime is achieved, the dislocations will have arranged themselves into
subgrains whose perfection, dimensions and misorientation depend on the metal
and on the strain rate and temperature of deformation (Jonas et al , 1969). The
generation rate is a function of the strain rate and the associated effective
stress. The rate of annihilation depends on the dislocation density, and on the
easiness of operation of the recovery mechanisms (Jonas and McQueen, 1975).
In steady state deformation, the subgrains appear equiaxed even at large
strains, whereas the grains deformed in conformity with the outward change of
shape of the object (Farag et al, 1968; Jonas et al, 1968, 1969). This cannot be
explained solely by migration of the subboundaries, since not all of them are
capable of migrating, and it has been shown that such migration contributes only
to 6 to 10% of the strain (Exell and Warrington, 1972). The stable subgrain size
depends on the equilibrium dislocation density (Holt, 1970; Roberts and Ahiblom,
1978), which is established by the balance between generation and annihilation
rates.
The typical parameters which represent the geometry of the cell structure
are the cell size, the misorientation angle across the boundaries and the
thickness of the walls themselves (Mecking and Gottsteiri, 1978). At low
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deformation temperatures, the cell walls occupy almost the same volume as the
interior of the cells. The misorientation angle is of the order of a few
degrees. With increasing deformation temperature, the cells transform into
subgrains, the boundaries sharpen and the size increases while the
misorientation does not seem to change (McQueen et al, 1967; Mecking and
Gottstein, 1978).
4.2.2. High strain instabilities
At high strains and under severe strain conditions, a heterogeneous
structure, consisting of grains with a wide spectrum of strain, has been
recognized to take place (Lloyd and Kenny, 1978; Mecking and Grinberg, 1979;
Korbel et al, 1983).
In recent work, Chandra et al (1979, 1982) in aluminium single-crystals,
and Lombry et al (1979) in ferritic steels determined that the misorientations
between individual subgrains and their neighbours was transformed from a low
angle to a high angle relationship. In the case of aluminium, it was found after
deformation under plane strain compression, and in specimens with a strong
orientation (Chandra et a] , 1979). The size and the interior of those special
subgrains were similar to other subgrains with low angle boundaries within the
specimen. The high angle boundaries presented a tendency to be distributed in
elongated, but fragmented, bands (Chandra et al, 1982).
In the case of the ferritic steels (Lombry et al, 1979), some new grains
with size of 20 to 30 pm were created within the original grains of size 150 to
180 pm. The original grain boundaries, with misorientations between 15 to 200
remained, the new grains presenting a misorientation of 5 to 15°.
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The development of those high angle boundaries has made other authors
(Sheppard and Tutcher, 1980; Belyayev et a], 1981) call this process dynamic
recrystallisation, but, formally, it cannot be considered recrystallisation if
the high angle boundaries are created by recovery mechanisms of dislocation
annihilation without involving a mobile grain boundary.
4.3. Dynamic Recrystallisation.
This phenomenon is characteristic of metals and alloys with low stacking
fault energy in which dynamic recovery processes alone are unable to reduce the
dislocation density to stable levels during flow. The higher rate of dislocation
accumulation in these materials favours the nucleation of new grains during
deformation and also provides higher driving forces for recrystallisation (Jonas
and McQueen, 1975; Jonas and Luton; 1978).
4.3.1. The flow curve.
The nucleation of the new grains, and therefore the initiation of dynamic
recrystallisation, involves a critical strain. In hot deformed single-crystals,
this strain is easily identify by the sharp drop in flow stress, figure 17. In
polycrystals, at high strain rates or low temperature, the flow stress rises to
a maximum at the peak strain,
	 . After that, as result 	 of	 dynamic
recrystallisation, it diminishes to a value intermediate between the yield
stress and the maximum or peak stress. At lower strain rates or higher
homologous temperature, the softening produced by dynamic recrystallisation is
followed by renewed hardening and a cyclic flow curve of approximately constant
period but declining amplitude is traced instead. The effect of decreasing the
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strain rate on the shape of flow curves is shown in more detail in figure 18 a).
Figure 18 b) showns the effect of increase of temperature.
Luton and Sellars (1969) explained the different behaviours associated with
concurrent dynamic recrystallisation in terms of the relative values of the
critical strain to the onset of recrystallisation,	 ' and the strain required
to recrystallise a large fraction of the material,
	 With respect to the value
of the temperature compensated strain rate or Zener-Hollomon parameter, Z, given
by the relationship
Z = exp(Q/RT)	 (4.1)
where E is the strain rate, Q the activation energy of the process and R and T
are respectively the gas constant and the temperature. At low values of Z,
<<	 and once recrystallisation is initiated, it goes rapidly to completion
before those regions which transformed initially can harden sufficiently to
effect nucleation a second time, figure 19a). If	 >	 high Z, then several
recrystallisation cycles can occur simultaneously and the curve is smoothed out,
figure 19b).
4.3.2. Strain to the peak in stress.
The critical strain for the start of recrystallisation is actually slightly
less than the peak strain, because, while the first nuclei are softening the
material locally, the remaining material continues to become stronger (Jonas and
McQueen, 1975; Ahiblom, 1977; Roberts and Ahlblom, 1978; Roberts et a], 1979).
According to Rossard (1973), the critical strain and the strain to the peak
follow the relationship
Ec	 5E/6	 O.83E	 (4.2)
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From results on nickel (Richardson et a], 1965; Luton and Sellars, 1968),
the critical strain is found to pass through a minimum as function of the
stress, figure 20. The rising curve at high stresses appears to result from the
need for increasing stored energy with increasing strain rate to ensure that
boundary migration is sufficiently rapid for growth of the nuclei to occur at
all before the dislocation density behind the moving boundary has been increased
sufficiently by concurrent deformation to destroy the driving force (Sellars,
1978). Over the same range of stress, the strain that takes place during
recrystallisation increases continously, leading to the change form periodic to
smooth flow curves. Observations on ferrite (Glover and Sellars, 1973) have
shown the existence of an upper stress limit for the occurrence of dynamic
recrystallisation, and suggested that this occured when the critical strain is
approximately equal to the one required to the achievement of the steady state
by dynamic recovery alone.
Other authors (Sandström and Lagnebory, 1975; Ortner and Stüwe, 1976;
Roberts and Ahlblom, 1978) have developed recrystallisation criteria based in
the effect of the dislocation density gradient within the material. They propose
that the driving force of the process is the difference in the densities of
dislocations on the two sides of the sweeping mobile boundary.
It was proposed (Sandstrbm and Lagneborg, 1975) that the flow stress is
determined by the density of intra-subgrain dislocations in the usual way
a = ajib'	 (4.3)
where a is a dislocation strengthening parameter, p the shear modulus, b the
Burgers vector and p.
	 is the density of the intra-subgrain dislocations.
However, the dislocation density in subboundaries is so much greater than Pj
that the latter can be neglected from the point of view of driving force for
recrystallisation. On this basis, the critical dislocation density for dynamic
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recrystallisation,
	
and the stress to the peak, o. can be related by
(Roberts and Ahiblom, 1978)
= apbJpcP./	 (4.4)
where £ and	 are respectively the mean free path for the dislocations in the
boundaries and within the subgrains respectively.
The model by Roberts and Ahlblom (1978), does not establish any nucleation
mechanism. There is strong experimental evidence that in polycrystalline
materials, the recrystallisation is initiated by bulging of the pre-existing
grain boundaries. Recent results (Hennaut et al, 1982) indicate that at low Z,
oscillating flow curves, strain induced grain boundary migration is the
mechanism. At high Z, nucleation at grain boundaries is predominant. The size of
the nuclei is not determined due to the wide spectrum of bulges size, the
smallest corresponding with the mean subgrain size (Ahiblom, 1977). In copper
single-crystals, Mecking and Gottstein (1978), found that, at high temperatures,
the material presented dynamic
	 recrystallisation.	 The	 phenomena	 being
characterized by discontinuous subgrain growth and subsequent twinning at 45°
with the specimen axis. Other authors (Gottstein et al, 1979; Wantzen et al,
1979) determined that all the orientations in the recrystal ii sed structure could
be identified as one complete twinn chain, notwithstanding different initial
orientations.
In single crystals, it is assumed that the gliding dislocations are blocked
by obstacles or annihilated after having traveled a mean free path. For
continuation of the plastic deformation, new mobile dislocations must be formed,
in the way described by (Lücke and Mecking, 1973)
dp 1
 = dE/b	 (4.5)
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Strong experimental evidence suggests that the stress to the peak varies
with the Zener-Hollomon parameter in the way of
= kZ (4.6)
where k and n are material constants. From equation (4.4) and (4.5), it would be
expected that the strain to the peak in stress will increase in a similar way as
the stress increases with the temperature compensated strain rate parameter.
Figure 21 presents results by Leduc (1980) in titanium bearing and mild
steels tested at high strain rates and at different temperatures under plane
strain conditions. As can be seen, the strain to the peak increases with the
strain	 rate and then decreases to a value constant for all the test
temperatures. Similar results appears to occur with superalloys deformed under
axisymmetric compression conditions (Farag and Hamdy, 1976) and austenitic
stainless steel tested in torsion (McQueen et al, 1977; Fritzemeier et al,
1979). The normal expected behaviour of strain to the peak increasing with
increase of strain rate was found in lead tested under different conditions,
figure 22 (Sellars et a], 1976).
4.3.3. Heterogeneity during dynamic recrystallisation.
In work with copper single-crystals (Wantzen et al,1979), it was determined
that the values of stress and strain to the onset of dynamic recrystallisation
varied considerably with the relative orientation of the single-crystals. In
work with magnesium alloys (Burrows et al , 1979), it was found that the dynamic
recrystallisation was taking place in preferential zones aligned with the planes
of maximum resolved shear stress, presenting a very strong alignement of the
basal planes with those directions.
- 39 -
Korbel and Blaz (1980) and Mataya et al (1982) found, in copper and in
precipitation hardened stainless steel, respectively, strain localisation
associated with the presence of dynamic recrystallisation. Sah et al (1973) in
nickel found that the recrystallisation kinetics during torsion testing were
position dependent.
4.4. Conclusions.
In materials with a high stacking fault energy, the processes of dynamic
recovery produce a homogeneous structure, at least at low or medium strains. At
high strains, or under severe deformation conditions, the heterogeneity of the
recovery processes is manifested by the formation of high angle boundaries.
Those boundaries are formed by recovery processes of individual dislocation
annihilation, and not by the recrystallisation ones characterized by the massive
annihilation of dislocations by a mobile grain boundary.
The heterogeneity of dynamic recrystallisation is manifested since its
start is due to the gradient in the dislocation density required to act as
driving force for the processes. It is assumed that a grain boundary will
migrate due to the difference on the dislocation densities at both sides of the
boundary. The small grain size obtained by this means is attributed to be due to
the number of nuclei that at any point can grow.
Chapter 5.
Adiabatic Heating and Shear Band Formation.
5.1. Introduction.
If insufficient time is available for dissipation to occur, the heat
generated during plastic deformation can be contained within the deforming
material. Such a system is often termed adiabatic even though it may not fit the
classical definition of a process which occurs without heat being absorbed or
lost. In the case of plastic deformation of metals, some dissipation usually
occurs, and so, in this context, the definition could be modified to one in
which the rate of heat generation is much greater than the rate of heat loss by
conduction, radiation or convection.
In general, deformation that has attained these adiabatic conditions is
characterised by microstructural changes produced by the increase of temperature
and the amount of deformation. White etching shear zones produced in steel are
probably the most widely reported evidence of adiabatic deformation (Zener and
Hollomon, 1944; Bedford et al , 1974; Stock and Wingrove, 1974). However,
evidence of adiabatic deformation has been obtained in a variety of other metals
and alloys, including nickel, titanium and aluminium (Stock and Thompson, 1970;
Hartmann et al , 1981; Kunze et al , 1981; Semiatin and Lahoti , 1981, 1981a, 1982,
1983).
For large effects, it is necessary for adiabatic heating during deformation
to be restricted to a localised region, in which large strain and strain rates
occur. Such conditions are encountered in machining (Stevenson, 1974; Jeglic and
Packwood, 1978), punching operations (Stock and Thompson, 1970; Stock and
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Wingrove, 1971), projectile-target impact (Glenn and Leslie, 1971; Mescall and
Papirno, 1974; Olson et al , 1981) and explosive fragmentation (Staker, 1980;
Shockey and Erlich, 1981).
5.2. Deformational Heating.
The direct conversion of mechanical work, to produce an average rise in
temperature, AT, within a material in the absence of any change in internal
energy of the material is obtained by (Lindholm, 1974)
AT = --	 )odE	
- H ( TS , TO )	 (5.1)
0
where p is the density, c the specific heat,	 the maximum strain. H(T5 ,T O ) is
a function of the internal temperature, T 0 , and the superficial one, T 5 , and
represents the losses of heat. The integral terms represents the increase of
temperature due to the deformation.
5.2.1. Temperature measurements during deformation.
In agreement with equation (5.1), it is expected that part of the energy
required to deform the material will be converted into heat, producing an
increase of temperature that has been measured with the help of heat sensitive
films (Coffey and Armstrong, 1980; Sachdev and Hunter, 1982) or with the aid of
thermocouples (Sellars et al , 1976; Foster, 1981).
It was found (Sachdev and Hunter, 1982) that even at very low strain rates,
io	 - 10	 sec4, in which the effect of deformational heating is negligible
for practical purposes, the temperature increase is not homogeneous within the
specimen, but the specimen is hotter towards the middle, and cooler in the
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extremes where deformed regions are in contact with undeformed, cold zones.
Coffey and Armstrong (1980) used a heat sensitive film to obtain evidence
of hot spot formation in soft ionic and polymeric crystals subjected to impact
or to low level shock loading. The advantage of this method is that it has a
good spatial resolution of hot spot detection, but it has the disadventage that
the result is only an integrated time story, with no relation between the
temperature increase and deformation path. In their experiments with NaC1
crystals they realized that even very small energy impacts produced localised
temperature increase greater than 100 C, and probably temperatures of the order
of 250 C were generated in local ised regions around the perimeters of the
crystals. They calculated that if the total energy lost in the impact was
expended in heating the bulk of the solid, the temperature rise would be only of
the order of 50 C, insufficient to exceed the threshold limit of the film.
The advantage of the use of thermocouples can be seen in figures 23 and 24
(Sellars et al, 1976; Foster, 1981), for lead and niobium bearing steel deformed
under plane strain conditions with inserted thermocouples at their centre point.
The rise of temperature can be correlated with the deformation. The
disadventages of this method are the high rate failure of thermocouples (Foster,
1981), the fact that the registered heating might be caused by deformation in
the thermocoupi e, rather than in the material , and the need for contact between
the testing material and the thermocouple. The difference between curves A to D
in figure 23 may be due to the relative strain necessary to close the hole in
which the thermocouple was inserted. Spurious readings might be introduced by
elastic deformation effects on the thermo-electric properties of the
thermocouple (Harding,1976).
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As can be seen in both figures, a higher temperature rise is achieved with
bigger specimens or with the increase of strain rate. The temperature rises for
adiabatic heating were calculated with the aid of equation (5.1), assuming a
homogeneous strain distribution. Materials tested under plane strain conditions
present a very strong strain gradient across the specimen (Sellars et al, 1976;
Beynon, 1979; Beynon and Sellars, 1983), and that might be the cause of the
strain range in which the measured temperature is higher than that calculated
for adiabatic heating, equation (5.1), for the specimen tested at the higher
strain rate in figure 24.
5.2.2. Determination of the temperature increase due to deformational
heating.
Wada et al (1978) proposed a method to determine the distribution and time
dependence of temperature, strain rate and strain in plastically deformed
materials. It is assumed that the strain rate, é, depends on stress, a, and
temperature, T, as
E = Eoonlexp(_Q/RT)	 (5.2)
where and n are constants, Q is the activation energy for the deformation
process and R, the gas constant. This equation can be used specially at high
temperatures where deformation is nearly strain independent and the activation
energy is constant and nearly equal to that of self diffusion. However, the
equation may not describe the plastic behaviour over a wide temperature or
stress range with a unique set of constants because of different deformation
mechanisms. Figure 25 shows the case in which heat flow is only in the x
direction and the regions x < 0 and x > L, where L is the specimen length, are
kept at a constant temperature T0. In the specimen, the temperature is a
function of the position x and the time t. Deformation starts at time zero and
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is confined to 0 < x < L. If the specimen is deformed by pure shear at an
average constant strain rate , E, we obtain
LE0 = ) Edx
	 (5.3)
substitution of (5.2) in (5.3) yields
0= 0(0L	
1/n	 (5.4)
where	 = Jexp(-Q/RT)dx and o is a constant. Using equation s (5.2) and (5.4),
the strain rate is expressed as
,	
Lexp(-Q/RTL	 (5.5)
Assuming that the amount of heat generated per unit volume, q, at a point x and
time t be expressed as
q = czOE	 (5.6)
where a is the fraction of mechanical work converted into heat, the integral
term on the right hand side of equation (5.1), combination of equations (5.4)
and (5.6) gives
1/n
q = a000 (	 (L/ø)l+l/mexp(_Q,RT) (5.7)
The temperature in the specimen during plastic deformation is determined by the
rate of heat generation and the rate of heat flow towards both ends of the
specimen. Figures 26 a.) and b.) show respectively, temperature and strain rate
distribution, at different times, for aluminium under pure shear conditions,
with 1 = 500 C and L =30 mm, at three different strain rates. In figures 26
.
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c.), d.) and e.), the temperature, strain rate and strain distribution are
represented for aluminium specimens of different sizes tested at T 0
 = 500 C and
= 10 sec.
Foster (1981) developed a two-dimensional finite difference analysis to
determine the thermal behaviour in specimens tested under plane 	 strain
compression. The case of heat flow during deformation is treated assuming that
the deformation heat will flow from the centre of the specimen towards the
undeformed sides and to the tools. The method used to determine the temperature
rise in the specimen due to deformation was to calculate the work done per unit
volume during different strain intervals from the corresponding stress-strain
curve. It was assumed that the strain distribution is uniform and that a uniform
temperature rise, tAT, in the time interval, öt, in which a strain increase, ÔE,
occurs, given by
	
= EM = ___	 (5.8)
VCp	 cp
where EM is the work done over the interval , ö is the mean stress over the
interval of strain, 5, in the elemental volume v, c the specific heat and p the
density. Figures 27 and 28 show the calculated centre and average temperature
versus strain for some of the curves from figures 23 and 24 respectively.
Armstrong et al (1982) calculated the temperature rise in tests carried out
by Lindholm (1974) in thin walled torsion specimens. From equation (5.1), they
describe the strain dependence of the heating as
(5.9)
dE	 c*
where c* = cp is the specific heat per unit volume, The plastic instability
condition, do = 0, yields
.
dl _n+m
dE - E8
(5.10)
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where n = din 1dm	 is the work hardening coefficient, m the strain rate
sensitivity and
	 is the constant in the high temperature-stress relationship
0= o 0 exp(-T)	 (5.11)
A temperature increase from 61 to 225 K was calculated using equation (5.10) for
the increased shear banding which occurs on going from a strain rate of 0.01 to
98 sec	 in Lindholm's experiments. They considered that the achievement of
plastic strains can be assessed on the basis of dislocation displacements, when
an adiabatically induced instability is producing localised shear banding. In an
experiment involving simple shear deformation, this is described by
(Y	 IA'
/ tdy= 1 t(b/h)(dA/A)	 (5.12)
J O	 '0
where t and y are respectively the shear stress and strain, b the Burgers
vector, h the specimen gauge length measured perpendicular to the slip planes,
dA the elemental area of slip swept out by the dislocations and A the cross-
sectional area. The integration of dA covers the total slipped sectional area,
A', which is associated with the maximum shear strain y'. The plastic shearing
rate is given by (Orowan, 1940)
= pbv	 (5.13)
where p is the dislocation density and v the average dislocation velocity.
Eshelby and Pratt (1956) described the temperature rise at a point on a
hypothetical slip plane being transversed by n 1 equally spaced dislocations,
occurring on n 2
 closely spaced parallel planes, forming a special type of free
I
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running shear band. In this case, the dislocation density, is taken as
= (n5/A 0 )n 1 n 2 = p 5 n 1 n 2	(5.14)
where p is the shear band density and n the number of shear bands in the
longitudinal area of gauge length, A 0 . The model of Eshelby and Pratt (1956)
gives an increase of temperature
tT <	
ln 2kp3"2b	
(5.15)
2prk	 c'?
where k is the thermal conductivity. This equation shows that a greater
temperature rise is achieved at any strain rate as the density of shear bands is
decreased. This conclusion is in agreement with the observations made by
Lindholm (1974) that plastic instability occurred at smaller strain values for
an increase in the applied strain rate. The only difficulty with the model is
that the computed values of T seem far too low to give much of an effect,
except for the case of the dislocations being very closely spaced. A model of
localised heating, figure 29, is proposed (Armstrong et al, 1982). Two inclusive
stages are shown for the developement, figure 29 a.), b.), and catastrophic
release, figure 29 c.), of a dislocation pile-up. At t 1 , a pile-up of
dislocations has begun to form isothermally against a local obstacle in the slip
plane. As the shear stress increases, a critical value of concentrated stress,
is reached at t 2 , to cause the obstacle to collapse. Upon collapse, the
leading dislocations are now driven forward by the concentrated stress at the
tip of the pile-up and so the dislocation interaction energy which has been
built up isothernally is dissipated adiabatically in a sudden collapse. Under
those conditions, for large pile-ups, equation (5.15) is transformed into
.
2
nm2
2 (5.16)
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where	 is he heating effect for the motion of a single dislocation.
5.3. Shear Bands.
The localised shear bands observed in steels and other materials, which
have undergone high strain rate deformation, have been given many names. They
may be called white bands, layers or streaks, shear bands, untempered martensite
lines, fresh martensite streaks or layers, deformation bands or adiabatic shear
streaks of bands. However, the basic nature of these bands is still somewhat in
doubt.
5.3.1. Early observations.
Early reported observations of these bands were made around the period
1910-20. Probably the earliest systematic study of white bands, made by Trent
(1941), was concerned with surface layers produced by rubbing on steel wire
ropes, and with layers produced by hammer blows on wires. As a result, the wires
tended to split on a 45° plane, and a white etching layer formed on this plane
when sufficient deformation had taken place. While these bands were said to
consist of martensite which etched white, no acicular structure was apparent.
This was assumed to be due to a very fine grain size. It was pointed out that
adiabatic conditions could be produced in the wire crushing experiment whereby
high local temperatures could be reached and the subsequent cooling would be
equivalent to a very severe quench.
.
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Zener and Hollomon (1944) further studied the process of adiabatic shear
using punching experiments. They proposed that when the strain rate in a region
of localised deformation was high enough, the temperature of the region
increased. If the strength loss due to this temperature rise was greater than
the increase in strength due to strain hardening, then unstable plastic
deformation occurred. They made simple computations which suggested that a
temperature rises as high as 1000 C could be attained in a shear band. In their
punching experiments, where a hammer was dropped on to a punch, strain rates of
2000 sec 1 were obtained and the material in the white etching bands that were
produced had suffered strains of nearly 100.
Andrew et al (1950, 1950a) carried out fairly detailed investigations of
white etching shear bands in steel specimens. They studied the bands using X-ray
diffraction techniques and examined the tempering characteristics of some of the
bands they produced. Their diffraction evidence supported the presence of
austenite, however, no presence of martensite was obtained aithought it was
expected that the highest proportion of the white bands would be martensitic, on
the grounds of their high hardness. Tempering experiments showed that the
apparent decomposition of the austenite, and accompanying precipitation of
carbides, usually proceeded from the centre of the white layer. This suggested
that the centre of the white layer had attained a higher temperature than the
edges, thus allowing more complete solution of the carbon and carbide forming
elements.
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5.3.2. Impact and penetration studies.
Stock and Thompson (1970) studied the nature of the adiabatic bands
produced by projectile and punch penetration in aluminium alloys. They found
that parts of the specimen that presented crack bands at the base of the
projectile holes showed two regions when examiped by transmission electron
microscopy, clusters of small knobbley regions surrounded by smooth regions
running paralled to the shear direction. Selected area diffraction indicated a
grain size of 0.3 to 0.6 urn with misorientation between 5 to 15°. They suggested
that material in the band melted and the rapid quenching by the surrounding
material produced fine grains.
Stock and Wingrove (1971) investigated high speed shearing of low and high
carbon steels. The energy required for punching low carbon steel increased
linearly with punch speed, but a maximum was observed in the curve for the
higher carbon steel. This was associated with the occurrence of adiabatic
deformation where the energy for shearing decreased with the catastrophic flow
associated with adiabatic flow. More extensive tests showed that a maximum was
also present in the curve for mild steel , but at higher velocities than for the
higher carbon steel (Bedford et al, 1974).
Investigations of the fine structure of adiabatic shear bands formed by
impact were made by some authors working with quenched and tempered steels
(Wingrove, 1971; Glenn and Leslie, 1971; Manganello and Abbott, 1972). In each
case, the white bands are considerably harder than the matrix. Thin foils
containitg the shear bands were examined by transmission electron microscopy,
but the structure was difficult to resolve. Diffraction patterns consisted of
rings, and a grain size of less than 0.1 pm was indicated (Glenn and Leslie,
1971). The lattice spacing appeared to correspond to martensite (Wingrove,
1971), and small precipitates were sometimes observed. They suggested that at
- 51 -
impact, some regions of the plate are subject to highly concentrated and
extremely rapid plastic deformation. The temperature and pressure rise in these
regions is sufficient to cause a transformation to austenite, and the cold mass
of the plate provides a very rapid quench of austenite to martensite.
Mescall and Papirno (1974) studied the behaviour of spallation induced in
steel plates impacted by blunt cylinders with diammeter comparable to the plate
thickness. They found that no spallation occurred in hardened and tempered
plates up to their failure by adiabatic shear plugging, while softer targets
exhibited extensive spallation even before penetration, but did not show
evidence of white layering. They concluded that in those experiments, when the
deformation process is concTuded, there is a rapid quench of the heated zone by
the surrounding cooler material.
Moss (1981) used planes of chemical heterogeneity, reference bands, left
from casting and rolling of steels to document the shear strains in his
experiments with an explosively driven punch. He concluded that those reference
bands change shape during plastic deformation according to the orientation of
the shear displacement and the amount of plastic shear. In the case of reference
bands initially perpendicular to the shear displacement, the slope of those
bands was taken as a direct measure of the shear strain. The strains varied
through the thickness, having higher values near the surface, E = 572, while the
average shear strain was found to be 5.3. He suggested that changes in carbide
and lath morphology, and possibly a magnetic transformation governed the abrupt
change in. the strain gradient in the shear band, rather than the generally
accepted austenite to martensite transformation.
An expression that is found to fit the results for shear stress, i, versus
shear strain, y , curves under adiabatic deformation experiments is given by
(Olsen et al, 1981)
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c= -c 0 (1 + a'y)exp(-y)	 (5.17)
where t	 is a constant representing the shear yield stress, a is a hardening
parameter and
	 is a softening one. The shear stress-strain behaviour of
equation (5.17) is exemplified in figure 30. The stress is seen to reach a
maximum at an instability strain , ' y 1 , which is simply determined by
=	
- a	 (5.18)
With reliable measurements obtained from torsion, they simulated shear band
formation under simple shear strain. A simple rectangular body, figure 31 a.),
was simulated using the plastic flow relationship (5.17). The bottom surface was
held stationary and a constant velocity was applied to the top, corresponding to
a constant imposed nominal strain rate. Assuming a velocity of 4000 cm/sec, a
computer simulation is described in figures 31 b.), c.) and d.), for different
times, in microseconds. Two bands of ocaised str1r 'ro wilviii tt
	 mtri
the one near the bottom being more diffuse than the one near the top. In figure
31 e.), the plot of the strain values along the axis A-A' appears, the dashed
line corresponds to the instability strain y1.
5.3.3. Explosive loading.
Thornton and Heiser (1971) observed adiabatic shear zones in explosively
loaded thick wall cylinders of low alloy steels, when strain rates as high as
io8 sec4
 within shear bands would be expected. Analysis of these bands was made
using mjcrohardness, x-ray diffraction and electron microscopy. The x-ray study
suggested a martensitic structure and no retained austenit was detected. From
their transmission electron microscopy they suggested a structure of fine
grained untempered martensite, with no evidence of carbide precipitation.
.
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Lamborn et al (1974) detonated hollow steel cylinders filled with a high
explosive. They used fractographic and metallographic techniques to study the
material interactions affecting the fracture and the size of fragments in plain
and notched cylinders. They distinguished two modes of fractures, tensile and
shear, finding that the last always occurs at the inner surface. In brittle
materials, they found an increase of fine fragmentation, associating it with an
increased amount of tensile fracture. Other authors (Staker, 1980; Shockey and
Erlich, 1981) working with specimens fractured by explosive loads within
containing cylinders related the occurrence of white bands, in hard materials,
with a fracture mode similar to cleavage. In softer materials, no evidence of
white layering appeared and the mode of fracture was by ductile dimpled shear.
In specimens taken from directions different from the rolling one (Shockey and
Erlich, 1981), it was found that the shear bands lay on planes inclined 45° to
the rolling direction, showing very strong texture effects.
5.3.4. Microstructural features.
Work related with microstructure has been carried out in tests at low and
high temperatures. In the lower temperature range, the specimens used are
deformed at very high strain rate by projectile penetration or explosive
loading. In the higher temperature range, the tests are carried out at strain
rates equivalent to mechanical processing.
5.3.4.1. Low temperature studies.
Recent work (Murr, 1978; Murr and Kuhlmann-Wilsdor/, 1978) has shown that
the operative mechanisms in nickel and copper under shock loading conditions are
the same as the ones occurring at lower strain rates.
.
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Jeglic and Packwood (1978) and Zaid (1982) distinguished two different
types of bands. One, that etched white, present under very severe testing
conditions, in which there was a certain amount of transformation. The second
type, found in less severe deformation conditions, in which twinning and slip
occurred, was not considered adiabatic due to their normal respond to etchants.
Staker (1980) described both sorts of bands in his contained explosion
specimens, the former one appeared in hardened and tempered steel, the second
one in normalised steels. In both cases, the bands were followed by cracks
presenting the same general appearance in the specimen, metallographic
inspection being necessary to discriminate between each type of band.
Other authors (Hartmann et al, 1981; Kunze et al, 1981) produced shear
zones, in a variety of alloys working under dynamic loading conditions. In
quenched and temperaed low alloy steels, the deformation zone was characterized
by two parallel white bands, about 10 pm thick, presenting different strain
intensities. In a normalized structural steel, the deformation zone was
characterized by the highly deformed cementite lamellae without tearing. In a
nickel base superalloy, no grain boundaries were detected in the deformed zones.
Only carbides and the y' phase were present. In some regions the austenitic
grains in the transition to the undeformed material were severely deformed. In a
titanium alloy, no grain boundaries could be recognized in an approximately 40
rn wide deformation zone, however, it appeared that a deformation gradient
existed within the zone. In a heat treatable aluminium alloy, the deformation
zone was about 200 pm, with different intensities of d;formation. The material
fractured in the boundary zone, between deformed and undeformed zones. Moss
(1981) related the formation of the white bands in hardened steel to a change in
the lath morphology, that might be posible if the later mechanism is opperating.
.
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5.3.4.2. High temperature studies.
Other authors working on titanium alloys (Semiatin and Lahoti, 1981, 1982,
1983) and on a tool steel (Ghomashchi, 1983), in isothermal and non-isothermal
compression tests, shown the importance of a sharp temperature dependence of the
flow stress in producing shear bands while hot forging. In non-isothermal tests,
the initial stage of the bands formation involves the development of chill zones
in the specimen adjacent to the cooler tools. These zones offer a constraint to
uniform flow, their deformation is retarded by the locally high flow stress. As
the deformation proceeds, these zones may deform slightly, but it appears that
the material elements which undergo localised flow remain the same. In the more
complex case of sidepressing, in which the material is deformed under plane
strain conditions (Semiatin and Lahoti, 1982, 1983), it was found that the shear
localisation was along the lines of the slip line field solution, for both
isothermal and non-isothermal conditions. In the cases of isothermal
axisyrrrnetric compression and torsion (Semiatin and Lahoti 1981, 1981a) it was
found that the shear concentration was structure dependant, appearing to occur
in a , acicular widsmanstatten structure, at all strain rates and temperatures
tested. In an a +	 structure, a combination of low testing temperature and high
strain rate was necessary to cause the flow localisation.
Mataya et al (1982) studied the flow localisation and shear band formation
in a y' strengthened austenitic stainless steel , by means of compression of
reduced gauge section cylindrical specimens, deformed at different temperatures
and strain rates. At high strain rates localised flow in the precipitate
structures took the form of macroscopic transgranular shear bands. At low strain
rates the localised flow occurred mainly in precipitates free zones along grain
boundaries. This localised flow was always associated with the occurrence of
dynamic recrystallisation.
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Korbel et al (1983) observed in heavily distorted hot rolled aluminium two
different regions, one of homogeneously deformed material, and a heterogeneous
one forming shear bands. At higher temperatures, some authors have observed the
phenomenon of recrystallisation in situ in aluminum (Chandra et al, 1979, 1982)
and in ferritic stainless steels (Lombry et a] , 1979). In this process the
dislocations are accumulated on the subgrain boundaries and at high strains
change their low angle relationship to a high angle one, giving the appearance
of very small grain size.
5.4. Conclusions.
From several researches (Sellars et al, 1976; Wada et al, 1978; Coffey and
Armstrong, 1981; Foster, 1981), it is found that the temperature increase due to
deformational heating is not distributed homogeneously, but under certain
conditions, the temperature increase is localised in specified zones of the
material. The results shown in figures 24 and 28 (Foster, 1981), can be
explained if we consider that during certain stages of the deformation, due to
the strain distribution in plane strain compression (Sellars et al, 1976;
Beynon, 1979; Beynon and Sellars, 1983), the tip of the thermocouple passed
through heavily and lightly deformed zones. Registering, in the former case,
temperature increases higher than the one expected by adiabatic heating through
all the specimen. The reverse would be expected when the thermocouple lay in
less than average deformed zones.
Following traditional dislocation analysis, Eshelby and Pratt (1956)
reached the conclusion that the temperature rise, produced by dislocations in a
shear band will be very small, unless the dislocations were very closely spaced.
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Prmstrong et al (1982) reformulated this analysing and considering that the
dislocations will be forming pile-ups. They considered that very high
temperature increase will be produced in a small volume fraction when the
dislocations in the pile-ups are liberated and thus explaining the thermal spots
observated by Coffey and Armstrong (1981) in ionic and polymeric crystals.
The discussion on shear band formation is still going on. There is no
conclusive evidence that the white streaks found in hard steels are formed by a
inartensitic transformation. Recent studies on different alloys (Hartmann et al,
1981; Kunze et al , 1981) have shown that the heavily distorted bands are
encountered in metallic systems that do not present a martensitic
transformation, but have supported studies by other authors (Mescall and
Papirno, 1974; Jeglic and Packwood, 1978; Staker, 1980; Zaid, 1982) showing the
existence of two distinctive types of bands in steels. The first one, associated
with hardened and tempered steels, in which the classical white bands are
produced, and result in brittle fracture under very severe conditions. The
second type, is not considered by some authors (Mescall and Papirno, 1974;
Staker, 1980; Zaid, 1982) to be formed under adiabatic conditions, due to the
normal response to etchants (Kunze et al , 1981), those bands are encountered in
softer steels, generally in the annealed or normalised state, the fracture
associated with those bands is more of the dimple ductile type.
There is a comon agreement that bands are formed by very small grains or
laths, which make difficult any diffraction analysis. It was assumed that during
the deformation, the temperature increase was high enough to reach the
austenitic transformation temperature, in steels, or the solidus temperature in
the aluminium alloys. The strong quench produced by the surrounding material
being responsible for the small grain size.
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An alternative explanation of the phenomenon can be made by considering
that almost all the tests have been carried out at low homologous temperatures,
in which the dynamic restoration is only by recovery. In this case the effect of
the temperature on the creation of the deformation bands would be similar to the
effect encountered in non-isothermal forging (Semiatin and Lahoti, 1981, 1982,
1983; Ghomashchi, 1983), in which very temperature sensitive materials will
deform in the hotter regions. Producing shear bands 	 by	 polygonization
mechanisms, rather than by phase transformation. Aditional support comes from
the results from Mataya et al (1982) in which they found a correlation between
dynamic recrystallisation and strain localisation.
Chapter 6.
Experimental Procedure.
6.1. Introduction.
The preceding literature review has shown that deformation can become
unstable and localised in specific regions within materials during testing. Most
of the experiments, have been carried out at low temperatures, leaving the hot
working domain practically untouched.
The aim of this work was to determine if the inversion in the strain rate
dependence of the strain to the peak in stress found by Leduc (1980) in titanium
bearing steel at high strain rates was a real phenomenon. Previous research
(Co1s, 1980) has shown that the peak was due to dynamic recrystallisation. In
order to determine if the phenomenon was only characteristic of plane strain,
preliminary tests were carried out on titanium steel under axisymmetric
compression conditions. The bulk of the research was carried out on an
austenitic stainless steel under plane strain compression conditions, but in
order to compare the effect of the mode of deformation, axisyririetric compression
and torsion tests were also performed.
6.2. Specimen Preparation.
The titanium bearing steel used in preliminary tests was remnant from
previous research and the procedure employed to produce these specimens is
described elsewhere (Cola's, 1980; Leduc, 1980). The stainless steel chosen was
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an AISI type 316, provided as bars of rectangular section, 25.4 by 50.8 m. The
chemical analyses for both steels appear in Table I.
6.2.1. Hot rolling of the stainless steel.
In order to produce specimens for plane strain and axisymmetric
compression, the bars were cut into small slabs about 100 m long and hot rolled
in a fully instrumented Hille 50 rolling mill in its 2-high reversible
configuration. The mill instrumentation has been described previously in detail
(Harding, 1976; Leduc, 1980).
Five different rolling schedules were planned to obtain different thermo-
mechanical treatments and final thicknesses.
a.) Schedule i.- Heating, three 25% reductions, water quenching.
b.) Schedule ii.- Heating, one 25% reduction, heating, two 25% reductions,
water quenching.
c.) Schedule iii.- Heating, two 25% reductions, heating, one 25% reduction,
water quenching.
d.) Schedule	 iv.- Heating, one 25% reduction, heating, three 25%
reductions, water quenching.
e.) Schedule v.- Heating, two 25% reductions, heating, 	 three	 25%
reductions, water quenching.
The heating was carried out at around 1200 C for 30 minutes. Interpass
times and time between the last pass and quenching, were 15 seconds in all
schedules. The first pass after heating was given 10 seconds after taking the
specimen out of the furnace. Schematic diagrams for those schedules are shown in
figure 32. The final thicknesses of the strips were of about 10.5 niii for
schedules i, ii and iii, 8 mm for schedule iv and 5.5 m for schedule v, Table
II.
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Some slabs were rolled with embedded 1.5 mm diameter "Pyrotenax" inconel
sheathed, mineral insulated, chromel-alumel thermocouples. The emf was recorded
on a "Telsec" millivolt recorder and converted into temperature with the aid of
the formul a (Sell ars et al , 1976)
C = -5.781 + 26.28V - 0.1256V 2 + 0.0019V 3
	(6.1)
where C is the temperature in degrees Celsius and V the emf in millivolts. This
relationship is valid for chromel-alumel thermocouples in the range 200 to 1300
C and has an accuracy of ±0.5 C.
The	 value	 of	 the	 mean stress, for those specimens rolled with
thermocouples, was calculated assuming sticking friction (Sims, 1954)
P = dw TIKFi Q
	
(6.2)
where P is the load,	 the mean stress, w the strip width, R the roll radius, h
is the reduction in thickness and	 is a geometrical parameter dependent on the
initial and final thicknesses, the thickness to the neutral plane and the angles
between them.
The recorded load and the initial and final dimensions of the slabs were
input in a computer program similar to that of Leduc (1980). The actual
dinensions in the intermediate passes were unknown and were calculated by the
equation (Beese, 1972)
1 n(w 2/w1 )	 _____
_______ = k(h1/w1)L3 exp -0.32
ln(h2/h1)
(6.3)
where w1 , w2 , h 1 and h 2 are respectively the initial and final widths and
thicknesses, k a spread constant that was found equal to 0.33. Due to the
increase of breadth of the material during rolling, El-Kalay and Sparling (1968)
suggested the following formula to calculate the average width Q
- 62 -
= W -
	 _Wb)
	
(6.4)
where Wr and wb are respectively the width over the crowns and over the bottom
and top surfaces.
The relevant data related to those rolling specimens appear in Table II and
the temperature versus mean stress plot is shown in figure 33. All the data fall
within the same curve, the scatter being greater for the specimens with three or
more reductions, but this can be due to additive errors introduced by equation
(6.3) when calculating the intermediate widths or to partial recrystallisation.
The specimens used for torsion were machined from 16 m diameter rods
produced in a rod mill from bars 25 m square and about 150 nv long. The
resultant torsion specimens were 15 m gauge length and 7 m diameter, giving a
gauge length over radius ratio equal to 4.3.
6.2.2. Initial grain sizes.
The different rolling schedules were planned in order to produce a set of
grain sizes for the different tests. A series of samples were taken from
specimens belonging to different schedules. Those samples were heated-up for 15
minutes	 at	 different	 temperatures	 and water quenched. Specimens were
mechanically polished and etched with the reagents (Ahiblom, 1977; Shpigler and
Beraha, 1977)
150 ml H 20, 50 ml HC1 , 2 g K2S205
or
100 ml H20, 100 ml HC1 , 10 ml HNO3
The grain size measurements were obtained by the mean linear intercept technique
and the results are shown in figure 34.
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Comparing results from figures 33 and 34, it was considered that the
difference between the schedules was small. Schedule i was chosen to produce the
bulk of the specimens. Schedules iv and v were chosen to provide specimens with
different initial geometric conditions, but similar grain sizes.
6.3. The Servo-hydraulic Machine.
This machine was used recently in various research projects (Sellars et al
1976; Beynon, 1979; Foster, 1980) and only a brief description is given here.
6.3.1. General description.
This machine is controlled by a PDP11/10 computer, the comunication
between them is through a number of digital to analog and analog to digital
converters. The output can be via an X-Y plotter, a teletype or punched tape,
figure 35. In the latter case, the data output is from three channels,
displacement, load and temperature. In the case of tests without thermocouples,
the machine comand is registered in order to check the control of the computer.
In adition to the testing furnace, the machine is provided with two furnaces
that can be set at different temperatures.
By comparing the actual displacement with the machine corinand, the strain
rate is controlled. Different strain rate profiles can be chosen in order to
simulate rolling or extrusion or to deform at a constant rate. At high strain
rates, problems related to mechanical inertia are avoided by stopping the ram
with the wedge, figure 35, at the end of deformation.
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Restoration analysis can be carried out in this machine. Up to five
deformations can be given to any specimen with different annealing intervals. A
quenching rig is installed in the machine in order to retain the microstructure
at the end of deformation or after any annealing period.
Before testing, specimens are coated with a convenient lubricant in order
to minimize friction effect and, at high temperature, avoid excessive oxidation.
For the low temperature testing range, graphite in an oily suspension is used,
at high temperatures, glass powder is employed. For this research the water
soluble glass DAG2626 supplied by the Aicheson Colloids Co. was employed.
6.3.2. Adaptations for axisymmetric compression testing.
Although the furnaces and tooling are specially designed for plane strain
compression, it was possible to carry out tests under axisymmetric compression
conditions by placing small cylindrical specimens over the tools, but some
limitations had to be taken into account in those tests.
The first limitation in those tests is the size of the specimen. The
geometry chosen was based on the tool width and on the handling capabilities of
the ancillary equipment attached to the testing machine. The tooling was the
same as that in plane strain compression tests, tools 15 m width and 100 m
long. From figure 35 the position of the tools within the testing furnace can be
appreciated. After raising the crosshead, the furnace is set into position by
sliding it over the tools. A change in the tools' dimensions would require a
change in the furnace dimensions and in the handling equipment. It was
considered that specimens with a diameter less than 7 rrii will be very difficult
to handle and to put into position for the tests. With this geometry, assuming
constant volume, the maximum uniaxial strain, neglecting any barrelling, is
about 1.5, higher strains will imply that part of the cross-sectional area of
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the material is not under the tools. A diagram of a specific holding grip
designed to hold the axisymmetric specimens in the conveyor arms and permit the
use of the rest of the equipment is shown in figure 36. The holding grip is made
from used plane strain specimens, the optimum thickness was found to be about 3
A spring inserted between the conveyor arms in the specimen carriage loads
the specimen and keeps it in position. The specimen is spot welded to high
temperature resistent wire in order to pull the specimen out in case it sticks
to the tools. Unfortunately, the thickness of the holding grip limits the total
deformation to less that 1.2. Although the grip was succesfull , in the present
research, the specimens were preheated and tested at the same temperature, and,
in this case, it was found to be more effective to place the specimens directly
over the bottom tool and avoid the difficult centering of the specimen. Barbosa
(1983) used this grip more succesfully in non-isothermal tests.
A second limitation exists with regard to the minimum strain rate that can
yield acceptable resolution. At low strain rates, the load is small, and the
actual value of load is comparable to the digital precision used by the computer
to read the data, increasing the scatter.
6.4. Plane Strain Compression Testing.
Different series of tests were designed in order to determine if the
inversion in the strain rate dependence of the strain to the peak in stress was
achieved in the stainless steel , and under what conditions. Figure 37 shows the
relative orientation of different types of specimens. Two different directions
are marked for the plane strain specimens, a normal one, corresponding to
testing conditions equivalent to that of the rolling schedules, and a transverse
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one, corresponding to cross-rolling. Three different orientations appear in the
case of the specimens tested in axisymrnetric compression, corresponding to
directions through the thickness, width and length.
The preparation of an average AISI type 316 stainless steel plane strain
compression specimen followed the next steps: a.) Drilling the holes and cutting
the specimen from the rolled strip, b.) Shot blasting to remove the high
temperature oxide layer, c.) washing the specimen to clean the dust, d.)
covering the specimen with the high temperature lubricant.
The preliminary titanium bearing specimens were already machined and
chromium plated (Cols, 1980; Leduc, 1980), so only the lubricant coat was
added.
The average width of each specimen was calculated with the aid of equation
(6.4) and the thickness at the working temperature with equation
= h 0 [1 + 1.95x106(C-20)]	 (6.5)
where C is the testing temperature in degrees Celsius, and h0 and h are the
dimensions at room and at the working temperature.
6.4.1. Series of tests.
In order to investigate the inversion of strain to the peak, the following
series of tests were carried out.
a.) Grain size effect. Different grain sizes varying from 20 to 160 im were
produced by preheating the specimens at around 900, 1000, 1100 and 1200 C for 15
minutes before testing them at 910 C.
b.) Orientation and geometry effect. Plane strain specimens obtained by
means of schedules iv and v were compared with specimens obtained from the
normal and transverse orientations produced by schedule i. The tests were
carried out at strain rates varying from 0.1 to 100 sec 	 at 1008 C after
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specimens had been reheated at the same temperature for 15 minutes.
c.) Interrupted tests. Some double deformation tests were carried out at
1008 C at strain rates of 0.5 and 5 sec. The deformation was interrupted
before the strain to the peak in stress was achieved, specimens were held for
different time intervals and reloaded in order to determine restoration index
curves. Some interrupted tests were intended to be carried out at strain rates
of 50 sec, but due to the relative velocities of the ram and the wedge, no
second deformation was carried out. In this case, the ram was moving at a faster
velocity than the wedge and being stopped by it before the desired strain was
achieved.
6.4.2. Determination of stress-strain curves.
In order to obtain true stress-strain curves, the load-displacement data,
recorded by the PDP11/10, or the stress-strain data have to be corrected to
compensate for external effects.
6.4.2.1. Origin correction.
Beynon (1979) showed that the low slope of the rise in stress at the
beginning of the stress-strain curve was due to the squeezing out of excess
lubricant from the specimen-tool interface, rather than to deformation of the
specimen. Foster (1981) suggested that a correction should be made by adjusting
the ram reading by a constant amount until the specimen thickness, derived from
the maximum ram displacement reading, was equal to the measured displacement
taken as the difference between the initial and final thicknesses at the testing
temperature. The origin correction used here is shown in figures 38 and 39
respectively for axisymetric and plane strain compression tests. In either
case, a straight line is fitted to the initial portion of the load-displacement
curve, this straight line is cut by a vertical line at a value equal to the
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difference between the maximum ram displacement and the measured one. The origin
correction is carried out by subtracting the displacement value for each point
from the value of displacement at the same load from either one of the straight
lines. This correction is an approximation to the hyperbolic behaviour expected
in removing the lubricant between the specimen-tool interface. This correction
seems reasonable, the curve departs smoothly from the origin and does not
present any kink at the point of intersection of the two straight lines.
6.4.2.2. Spread correction.
In the plane strain compression tests, there is always some spread along
the tools. When the specimen is large, the spread is a small fraction of the
initial breadth, b 0 . Thus the spread will not affect the stress in the specimen
to any significant level. If b 0
 is not large, the spread is not negligible and
the stress and strain in the specimen are significantly affected by it. In the
present work the initial breadth of the specimen is less than 4w, where w is the
tool width, and the spread is significant. The final breadth, b, of the specimen
was measured after the tests and b/b 0
 correlated to the amount of deformation by
the equation (Sellars et al, 1976)
b	 h'"2
= i + c - c(	 (6.6)
where h 0
 and h are respectively the initial and final thicknesses, and c is the
spread coefficient. The instantaneous thickness, h, can be determined at any
time from the corrected ram displacement, section 6.4.2., the corresponding
breadth can be calculated by equation (6.6). The spread coefficient, c = 0.28,
used in the titanium bearing steel was previously determined (Colas, 1980;
Leduc, 1980). Two spread coefficients were found for the stainless steel , figure
40. One corresponding to the normal specimens, c = 0.33, and the second
c = 0.66, to the gridded specimens described in section 6.7.
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6.4.2.3. Friction effect.
Three types of frictional conditions may exist over the tool-specimen
contact area: sliding, partially sticking and fully sticking friction. In the
first case, for plane strain compression, the average pressure exerted by the
tools , , si given by (Foster, 1981)
h
—=----(exp - -1)
2k	 iw	 h
where p is the friction coefficient, h the instantaneous thickness, w the tool
width and k the yield stress in pure shear. In the case of axisymmetric
compression, the relationship is given by (Sellars et al , 1976)
= .L. [exp(m2 ) - m -1]
	
(6.8)
2k	 m
where in = pd/h and d is the instantaneous diameter.
As the coefficient of friction increases, the conditions change from
sliding to sticking friction. The point at which this change occurs, in plane
strain compression, can be determined using (Sellars et al , 1976)
Zo = (h/2p) ln(1/2p)	 (6.9)
where sliding friction conditions exist over the entire tool face if Z0 >w/2. If
Z 0
 < w/2 then a band of width (w - 2Z 0 ) exists down the centre of the tool in
which there will be sticking friction, with sliding friction on either side of
the band. In this case, the relation is given by (Foster, 1981)
= _!2_ ( _J__ 1) + (w/2-Z 0 ) + ( w/2-Z 0 ) 2 	(6.10)
2k	 pW	 2p	 hw
In axisyninetric compression, partially sticking friction exists when (Sellars et
f = d -	 inp	 p (6.13)
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al, 1976)
d	 1
ii
	 (6.11)
but	 < 0.577. In this case, /2k is given by (Sellars et al, 1976)
=	 [(n^1)exp(m-n)-m-1] +	 (0.577 + 0.577	 (6.12)
where n = pf/h and
In plane strain compression, if sticking friction is present over the whole
of the tool-specimen contact area, then (Foster, 1981)
w
2k	 4h
In axisymetric compression, fully sticking conditions develop when p > 0.577,
in this case (Sellars et al , 1976)
= 1 + 0.577-	 (6.15)
6.4.2.4. Temperature and strain rate corrections.
Nominally, the plane strain compression tests are carried out at constant
strain rate under isothermal conditions. When testing, the initial velocity of
the ram is input, and the computer controls a logarithmic decrease of the ram
velocity in order to obtain constant strain rate tests. The control is by means
of the comparison between the actual displacement and the one predicted by the
machine comand. The accuracy of this control depends in the servo-valves, and
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produces strain rate oscillations that might influence the shape of the stress-
strain curve. The deformation produces an increase of temperature as a function
of the deformation work, equation (5.1). By a finite difference program
developed by Foster (1981), it is possible to obtain a tabulation of the
temperature increase with the strain by means of the integration of the stress-
strain curve.
Correction of the stress-strain curve to constant strain rate and constant
temperature is carried out assuming that the flow stress dependence on the
strain rate and temperature is given by
Z = A (sinh ctO)'	 (6.16)
where A,	 and n are material constants and Z is the Zener-Hollomon parameter
expressed by equation (4.1).
Thus, at a constant strain, the flow stress, o, at temperature, T 1 , and
strain rate,
	 can be calculated from the original ones Oo, T 0 and
Q ' 1	 1 \	 ln01	
Ia	 (6.17)= sinh 1	XP[lfl(SinhaQ o ) +	
-	
- ___1
6.4.2.5. Calculation of equivalent stress,strain and strain rate.
The average pressure exerted by the tools on the specimen is given by
= _.i-_	 (6.18)
A
where F is the load and A the instantaneous cross-sectional area. In the case
of plane strain compression, this area is given by the product of the tool width
and the variation of the breadth, equation (6.6), in the case of axisymetric
compression, the variation in area is given by
A. = A0h0	
(6.19)1	
h
.
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where h0 and h are respectively the initial and instantaneous height. For each
of the three types of frictional conditions the value of k, the yield stress in
pure shear, can be determined using the appropriate equation, section 6.4.2.3.
In order to convert the value of 2k, for plane strain compression, a factor was
used (Seliars et al , 1976)
f = [1.155(b - w) + w]/b	 (6.20)
where b is the specimen breadth and w the tool width, which takes into account
the departure from plane strain conditions observed in practice. Under these
conditions, the equivalent uniaxial yield stress, a, is given by
(6.21)
f
The strain is given by the relationship
c= in (h 0/h)	 (6.22)
That for axisyninetric compression does not need any further correction. For
plane strain compression this value is multiplied by the factor f, equation
(6.22), in order to obtain the equivalent uniaxial strain.
The strain rate is defined as
£
	
	 (6.23)
dt
That will be the derivative at each point in a strain-time plot. Due to the
oscillations mentioned in previous section, the strain rate was calculated as
=	 j+2 - E. 2"	 (6.24)
where P is the frequency of readings from the machine, Ej^2 and E 2 are the
strain values for two points after and two points before the desired point in
the strain-time plot.
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6.5. Axisynrnetric Compression Testing.
Preliminary work was carried out in titanium bearing steel at 900 and
1000 C in order to determine the viability of this deformation mode in the
servo-hydraulic machine. In order to compare the behaviour in stainless steel,
and correlate it with the rolling direction, specimens machined from the three
different directions, shown in figure 37, were tested at 1000 C.
As was mentioned in section 6.3.2., the specimens were placed in the centre
of the tools and deformed at strain rates varying from 0.5 to 50 sec'. The
load-displacement data were corrected for origin and friction as described in
sections 6.4.2.1. and 6.4.2.3. The final stress-strain curves were obtained
using the corresponding equations, section 6.4.2.5.
6.6. Torsion Tests.
From the preliminary results on the titanium bearing steel, it was felt
that a comparison between the two compressive tests and torsion would be
interesting. Unfortunately, under torsion, the strain rate that can be achieved
is an order of magnitude less than that achieved with the servohydraulic
machine, but it covers lower strain rates. The machine used for this tests is
fully described elsewhere (Cole, 1979; Al-Jouni, 1983).
The specimens were tested at 905 and 1008 C, and different strain rates,
after being reheated for 30 minutes at the same temperatures. The equivalent
stress was calculated by the formula (Cole, 1979)
0= 3 r -
	
(6.23)
ITr
(6.26)
(6.27)
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where Eis the torque and r the radius of the specimen. The equivalent true
strain and strain rate are given by (Cole, 1979)
where a = 0.742r is the effective radius (Barraclough et al , 1973; Barraclough,
1974), t the gauge length, and Q and Q are respectively the angle of twist and
the twisting speed.
6.7. Distribution of Strain and Microstructural Features.
Work carried out in aluminium and lead (Beynon, 1979; Beynon and Sellars,
1983) has shown that the strain is not homogeneous within the plane strain
specimen. In order to determine the effect of strain rate on the strain
distribution, specimens were tested at strain rates of 0.5, 5 and 50 sec1.
Optical metallography was carried out on those specimens and in specimens
deformed at 900 C at strain rates of 0.5 and 5 sec.
6.7.1. Strain distribution.
The strain distribution was measured in specimens which were cut along the
centre-line and had a grid was inscribed on them, figure 41. These specimens
were machined in such a way that the testing direction was the same as the
rolling one, ie corresponding to the specimens marked as normal in figure 37. In
adition to the bolts shown in the figure, the specimens tested at the higher
strains were welded at the ends.
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The deformation was ended at nominal strains of 0.05, 0.1, 0.2, 0.4, 0.6
and 0.8. All the specimens were quenched after the tests. The final strain
obtained by those specimens was always slightly higher than the intended one,
epecially at the highest strain rate, due to the mechanical inertia of the
moving ram. In order to determine the strain distribution, photographs of the
deformed grids were taken. The coordinates of the nodes of the grids were
measured by a digitizer connected to a PET desk-top computer available in the
Department of Geography. This coordinates were analysed and the strain
distribution calculated by means of the programs described in section 6.9.2. and
appendix 2.
6.7.2. Measurement of recrystallised fraction.
The non-gridded half of the specimens described in the previous section was
used to determine the variation of the dynamically recrystallised fraction,
measured by point counting. Other specimens, were tested at strain rates of 0.5
and 5 sec
	
at 910 C after being reheated at the same temperature for 15
minutes. The strain given varied from about 0.5 to 1.5	 where	 is the
strain to the peak in stress. The specimens were quenched after the deformation.
This average recrystallisation fraction was later compared with the local
recrystallised fraction measured along lines of constant strain. This was done
by cutting the specimens along planes perpendicular to the grid and tool
surfaces. The measurement was then carried out along straight lines of known
strain evaluated from the previous strain distribution analysis.
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6.8. Temperature Measurement.
Some tests were carried out at 600 C on titanium bearing steel with
inserted thermocouples. These specimens were specially machined to 5 m
thickness in order to obtain higher strain rates, the lubricant employed was
graphite in an oily suspension (Beynon, 1979; Puchi, 1983). It was intended to
obtain strain rates up to 100 sec 1 , but the high strength of the material
hindered this and only 45 sec 1
 was obtained.
Three different series of tests were carried out on the stainless steel
two with a single thermocouple embedded in the centre of the samples and another
on specimens with two inserted thermocouples.
6.8.1. Specimens with one thermocouple.
In the first series, the thermocouple was inserted to the centre of the
specimen, position A in figure 42. The thermocouple was connected to the servo-
hydraulic machine and the temperature recorded by the PDP11/10. Specimens 11 nm
thick were tested at strain rates around 0.5, 5 and 50 sec. Specimens 6 an 8
nn thick, from schedules iv and v, were tested at around 5 sec
	 and compared
with the thicker specimens. In all cases two deformations were given, the first
one up to a strain of 0.05 at 0.5 sec, and the second up to around 1.5 at
different strain rate. The first deformation was given in order to ensure that
the hole in which the thermocouple was inserted was completely closed. A holding
period of two minutes was given between the deformations.
In the second series, specimens 11 m thick were deformed at different
strain rates varying from 0.5 to 50 sec. The difference from the previous
specimens was that the thermocouple was connected to the ultraviolet recorder,
mentioned in section 6.2.2., in order to obtain the full temperature evolution
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after deformation.
6.8.2. Specimens with two thermocouples.
From the grid analysis, section 6.7.1., it was possible to trace the
displacement paths of different regions in the specimen. It was chosen to insert
thermocouples in two different regions, marked as B and C in figure 42. Six
specimens were employed at strain rates of 0.5, 5 and 50 sec, each having two
thermocouples, one in the centre, acting as a control, and the second in either
region, B or C. The emf was measured as the difference between the couples by
connecting each back to back and, in this way, avoid spurious readings due to
elastic effects.
A further test was carried out at a strain rate of 5 sec
	 in a sample with
one thermocouple in the centre connected to a thermocouple in the shoulder of
the specimen, position D in figure 42. This was done in order to ensure that the
temperature readings were correct.
6.9. Computer Programs.
Two sets of programs were developed in order to analyse mechanical test
results and determine the strain distribution within the gridded specimens.
Those programs are designed to run interactively in a PRiME 750 computer with
virtual memory. Almost all the programs can be run in batch in the same
computer. The graphical procedures or subroutines, denominated ghost, belong to
the Graphical Output System library, developed by the Culham Laboratories,
UKEA.
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6.9.1. Mechanical testing.
All the programs belonging to the first set are written in the
implementation by the University of Sheffield of the PASCAL language (Jensen and
Wirth, 1978). The non-standard modifications from the current implementation are
mentioned in the line by line analysis given in appendix 1. For the sake of
simplicity, the whole algorithm was divided into four programs, namely binary-
decimal translation, origin correction, stress-strain conversion and graphical
output.
6.9.1.1. Binary-decimal transi ation.
As was mentioned before, the PDP11/1O collects data from the servohydraulic
machine by a number of analog to digital converters. The computer dumps the data
via punched tape, on which the number of deformations, points per deformation
and data from displacement, load and temperature are recorded. In the case of
tests in which the temperature is not being measured, the output from the
achine command is connected to the temperature input channel, in order to keep
a close watch on the computer and the response from the machine. The computer
handles the data in the form of two-bytes long integers. The output via the
punched tape is in the way of two one-byte long integers, the more significant
byte being the second. The parity bit is the 8th bit in the more significant
byte. In the case of negative numbers, the complement of the whole two-bytes
integer is used in the decimal conversion.
6.9.1.2. Origin correction.
The execution of this program requires a special graphic terminal. It is
the only program that cannot be run in batch. The program plots the load-
displacernet curve in the screen of the terminal, the first and last point in the
interpolation are input, and the computer traces the two straight lines, figures
38 a.) and 39 a.). If the straight lines are the required ones, the data are
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corrected, if not, different numbers for the start and end of the interpolation
are input until the required lines are obtained. The final corrected curve,
figures 38 b.) and 39 b.), is plotted on the screen.
6.9.1.3. Stress-strain conversion.
This program handles the data corrected in the previous program. A
subroutine is included in order to process the data from torsion tests. For
plane strain compression tests, the friction, spread, temperature and strain
rate corrections are carried out. In the case of axisymmetric compression, only
the friction correction is included. For all types of tests, the mean stress is
calculated for different strain intervals. The calculated data are recorded in
tabular and block data form, the latter to be processed by further programs.
6.9.1.4. Graphical output.
This is a multiple purpose plotting program. Stress-strain, strain rate-
strain or temperature-strain plots can be obtained. A further option permits to
plot any set of data against time.
6.9.2. Strain distribution.
As was mentioned before, a photograph from the deformed grid is taken and
digitized in the Department of Geography. In appendix 2 appears a line by line
analysis of the computer programs used. The small one, in FORTRAN 77 (Ellis,
1980), is used to convert the decimal numbers obtained from the PET-BASIC into
PASCAL standard, i.e. BASIC outputs a decimal number as .01, the same number in
PASCAL has to be expressed as 0.01.
The model used is the one described by Beynon (1979), with the difference
that in the former case, the strain components are calculated by means of their
initial and final coordinates. Here, the strain analysis is carried out for each
element, assuming that within it, the deformation is homogeneous. In this case,
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the strain components calculated are equivalent to the ones calculated by Beynori
for the centre of the element.
In order to correct for any error in the coordinates of the nodes, the
points are averaged over a quadrant, assuming that the strain distribution is
syniiietrical within the four quadrants. A special option is added in the program
to consider the case in which the symmetry is only through a mirror plane
running along the specimen, like in rolling. For this case, the average is
carried out within the two halves.
It is possible to obtain a printout of the values of the strain components
and the values of the equivalent and hydrostatic strains. A plot of the
coordinates is obtained.
Chapter 7.
Results.
7.1. Preliminary Results.
In order to check previous results on titanium bearing steel (Cola's, 1980;
Leduc, 1980), preliminary tests were carried out on this 	 steel	 under
axisymetric compression conditions at 900 C, figure 43, and 1000 C, figure 44.
Additional plane strain compression tests were carried out at the higher
temperature, figure 44. The curves are corrected for origin, friction and, in
the case of plane strain, spread. No temperature correction was attempted. It
can be seen that the stress-strain curves obtained are those of a material that
recrystallise dynamically. The initial work hardening decreases until a maximum
in stress is achieved.
The values for strain to the peak versus strain rate are plotted in figure
45. Additional data from Colas (1980) and Leduc (1980) are included. A number of
curves are traced through the data; two of them corresponding to 	 the
axisyriinetric tests and the rest to plane strain specimens tested at different
temperatures. In all cases, a maximum in strain is encountered at a certain
strain rate, any further increase in strain rate leads to a decrease in the
strain to the peak. The maxima for axisymmetric tests are encountered at about
15 sec. For plane strain the maxima are encountered at around = 7 sec.
At any equivalent strain rate, the value of strain to the peak is higher
for the specimens tested under axisyrmnetric conditions than for plane strain
specimens. The difference in value may decrease toward lower strain rates. It is
interesting to notice that at the highest strain rate tested, all the values of
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strain to the peak for plane strain tests lie within the same scatter band,
notwithstanding the difference in testing temperatures.
When plotting the logarithm of the Zenner-Hollomon parameter, Z, against
the value of the hyperbolic sine of ciO , where o is the peak stress and
a 7.5 x 10, a linear relationship is achieved, figure 46. In this case, the
value of the activation energy, Q = 300 kJ/mol-K, in Z was taken from Leduc
(1980). It is interesting to notice that the value of the peak stress achieved
under axisymmetric conditions is higher than the one obtained in the plane
strain tests at any equivalent strain rate.
7.2. Mechanical Testing of AISI 316 Stainless Steel.
7.2.1. Initial grain sizes.
The following initial grain sizes were employed during the research:
a.) Plane strain compression. The grain size was obtained from grain growth
from specimens obtained from the schedules described in the previous chapter.
For specimens prepared from schedule i, four different grain sizes, varying from
19 to 160 pm, were obtained after preheating the specimen for 15 minutes at
different temperatures, figure 47. Grain sizes of around 30 pm were obtained
from schedules iv and v after preheating the specimens for 15 minutes at around
1000 C, figure 48 a.) and b.).
b.) Axisymmetric compression. All the specimens were machined from slabs
obtained form schedule i. Grain size of around 30 pm was obtained after
preheating for 15 minutes at about 1000 C, c.f. figure 47 b.).
c.) Torsion. Grain sizes of 30 and 40 pm were obtained from preheating the
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specimens for 30 minutes before testing at around 900 and 1000 C respectively,
figure 48 c.) and d.).
The specimens were electrolytically etched in concentrated HNO 3 using 4
volts (Cole, 1979).
7.2.2. Stress-strain curves.
The stress-strain curves obtained when testing the stainless steel can be
grouped as showing:
a.) Grain size effect. Plane strain specimens were tested with different
initial grain size at 910 C, figures 49 to 52.
b.) Geometry and orientation effect. Specimens from different rolling
schedules were used to obtain stress-strain curves from plane strain specimens
with original thickness of 6, 8 and 11 m, figures 53 to 55. Additional
specimens with initial 11 m thickness were tested in the transverse direction,
figure 56. The ratios for specimen thickness over tool width, h/w, were 0.40,
0.53 and 0.73.
c.) Axisymmetr ic compression. Specimens machined in the trough thickness,
width and length directions were tested, figures 57 to 59. Stress-strain curves
obtained in specimens with height over diameter equal to 1 are shown in figure
57.
d.) Torsion. Two temperatures were used. The stress-strain curves obtained
at 905 C are traced in figure 60, the ones obtained at 1008 C are in figure 61.
In each case, the compressive curves were corrected for origin, friction
and, for the plane strain specimens, for spread. As with the titanium bearing
steel, no temperature correction was done. It can be seen that all the curves
are typical of a material in which the main restoration process is dynamic
recrystallisation. The specimens tested at the lowest strain rates, curves A and
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B in figure 61, present the periodic oscillations described elsewhere (Rossard
and Blain, 1955; Luton and Sellars, 1969).
7.2.3. Strain to the peak.
Figure 62 presents the plot of strain to the peak versus strain rate for
the specimens tested at around 900 C. In the plane strain compression tests the
effect of the initial grain size is the expected one; the strain to the peak
increases as the grain size increases (Ahiblom, 1977; Sellars, 1978; Roberts et
al, 1979; Al-jouni, 1983). Maxima in strain to the peak are achieved between
strain rates of 2 and 5 sec 4 . At the higher range of strain rate, the value of
strain to the peak is found to be independent of the original grain size. For
comparison, the data from the torsion tests at 905 C are plotted. The strain to
the peak increases with the increase of the strain rate through all the tested
range. At any equivalent strain rate, the strain to the peak achieved under
torsion conditions is higher than the one obtained under plane 	 strain
compression with equivalent grain size.
The strain to the peak versus strain rate plot for the specimens tested at
around 1000 C appears in figure 63. All the values for the plane strain
compression tests lie within the same scatter band, notwithstanding the
difference in the initial geometry and testing direction. The maximum in strain
to the peak is achieved at around strain rates of 1 sec 4 . For the axisymmetric
specimens two different behaviours are found, one for the specimens tested in
the through the width and through the length directions, and another for those
tested in the through the thickness direction, the data for the specimens
machined through the thickness with height over diameter ratio equal to one lie
between the two curves. In both cases, the maximum in strain to the peak is
achieved at around 10 sec 4 . The data from the torsion tests agree with the data
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from the through the thickness tests, but at low strain rates, the values are
higher than the ones that would be expected from plane strain or from torsion at
the lower temperature, figure 62. This could be due to the coarser initial grain
size in the torsion specimens at the higher temperature, d 0
	43 pm, compared
with the grain size in the other tests, d0
	
30 pm.
Comparing the plane strain data in this figure with those in the former
one, it can be observed that the values of strain to the peak at high strain
rate are the same for all the specimens tested under plane strain conditions. At
lower strain rates, the values of strain to the peak for the specimen tested at
1006 C are lower than those obtained at 910 C with equivalent grain size. The
maximum strain to the peak is achieved at a lower strain rate at 1006 C. In all
cases the values of strain to the peak are higher for axisymmetric compression
and torsion than for plane strain compression.
7.2.4. Stress values.
The dependence of stress on strain rate and temperature for the former
curves was evaluated at three distinct levels; low strain, evaluated at 0.15
strain, at the peak and at the steady state.
7.2.4.1. Stress at 0.15 of strain.
The values in stress to this strain level for the specimens tested at the
lower temperature are represented in a semilogarithmic plot in figure 64. The
stress level is found to be dependent on the initial grain size. For each set of
curves, with different initial grain size, the relationship can be approximated
to
= Aexp(o)	 (7.1)
where A and
	 = 0.025 are constants. At high strain rates the values of stress
tend to deviate towards higher values of stress. The data obtained from the
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torsion tests seem to agree with that for the coarser grain size in plane
strain.
In figure 65 the data for the tests carried out at the higher temperature
are represented, all the data fall within a scatter band that follows the
relationship described by equation (7.2), the value of is found to be the same
that in the former case. The tendency, described previously, to deviate towards
higher values of stress at high strain rates is greater in those tests.
In order to check the value of the activation energy employed in the
calculation of the Zenner-Hollomon parameter, Q = 460 kJ/mol K (Barbosa, 1983),
the data presented in figures 64 and 65 are plotted against Z in figure 66. In
this case the relationship is given by
Z = A'exp(o)	 (7.2)
where A' is a constant. From this plot the value of
	 = 0.026 agrees with the
former one.
7.2.4.2. Peak stress.
The plots of the peak stress values against the strain rate appear in
figures 67 and 68 for the tests at 900 and 1000 C respectively. The behaviour
encountered in the specimens with different initial grain size, figure 67, is
similar to that described at the lower value of strain, but with
	 = 0.024.
At the higher temperature, the behaviour is different, a series of lines
can be fitted with varying from 0.019 to 0.027 depending on the initial
geometry and in the testing conditions. Towards higher values of strain rates,
the thinner plane strain specimens achieve a lower value of stress than the
thicker ones, and those ones lower than for axisyrmietric compression or torsion.
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The values of peak stress from the present project are plotted with
additional data from the literature versus Z in figure 69. Although the scatter,
all the data fit relationship (7.2) with
	
= 0.025.
7.2.4.3. Stress at the steady state.
At this stage the stress is plotted against Z only, figure 70. It can be
seen the present results agree with the general behaviour observEd previcws)y
(Barraclough 1974; Ahiblom, 1977; Sellars, 1978; Roberts et al, 1979; Al-jouni,
1983). All the data fall within a scatter band that follows equation (7.2) with
= 0.031.
7.2.4.4. Grain size effect.
As was mentioned earlier, there was a certain tendency for the material
with smaller grain size to achieve higher levels of stress compared with
specimens with coarser grain size, figures 64 and 67. It can be seen that in
grain sizes coarser than 60 pm the level of stress, both at 0.15 strain and at
the peak, depends only in the strain rate, in agreement with previous research
(Sah et al, 1974; Roberts et al, 1979).
7.2.5. Static restoration.
Double deformation tests were carried out at strain rates of 0.5 and 5
sec. The strain for the first deformation was kept at 0.9 the annealing
periods were changed from test to test. The calculation of the restoration
index, R, is given by the equation
0
R= 
m-	 (7.3)
0 m - 01
where 0m is the flow stress at the end of the first deformation, and 	 01 and
0 2 are the yield stresses in the first and second deformation respectively. The
resultant stress-strain curves are shown in figures 73 and 74.
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Figure 75 show the restoration curves. The one obtained at 0.5 sec
presents the high restoration at short times characteristic of materials that
present	 metadynamic	 recrystallisation	 (Jonas	 and McQueen, 1975). Full
restoration is achieved after 20 seconds. It is interesting to notice that lower
restoration is achieved by the specimens tested at 5 sec
	 at short time
intervals, but full restoration is achieved within shorter times.
7.3. Strain Distribution Analysis.
In order to determine the distribution of strain, and its effect on the
microstructure present in the specimen, series of specimens were deformed at
different strain levels and then quenched. Normal specimens were tested at
strain rates around 0.5 and 5 sec at 910 C, figure 76 a.). The gridded
specimens shown in figure 41, were used at the higher temperature at strain
rates of 0.5, 5 and 50 sec, figure 76 b.). The actual value of the nominal
strain was calculated from the load-displacement data in the way described in
section 6.4.2.
7.3.1. Results from gridded specimens.
Photographs of the deformed grid were taken from the specimens marked in
figure 76 b.). Figure 77 shows the photographs from specimens deformed at
nominal strains of 0.05 an 0.1. Figures 78 to 81 show the grids on specimens
deformed up to nominal strains of 0.2, 0.4, 0.6 and 0.8 respectively.
The coordinates of the nodes were measured by a digitizer connected to a
PET desk-top computer, available in the Department of Geography. With the help
of the programs described in appendix 2, the data were analysed and the flow of
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naterial within the specimen was determined, figures 82 to 84.
In the computer analysis, it was assumed that the specimen is divided into
the small elements marked by the grid. The value of the different components of
strain were calculated assuming perfect plane strain conditions in each element.
Only one quadrant of each specimen is represented after the value of strain in
each element is averaged with its correspondent element in the other quadrants.
Contour maps, figures 85 to 91, were obtained smoothing-out the values of the
total strain for each specimen. The strain intervals marked in the figures are
Strain interval. 	 Strain range.
	
0	 <0.09
	
1	 0.10 - 0.19
	
2	 0.20 - 0.29
	
3	 0.30 - 0.39
	
4	 0.40 - 0.49
	
5	 0.50 - 0.59
	
6	 0.60 - 0.69
	
7	 0.70 - 0.79
	
8	 0.80 - 0.99
	
9	 1.00 - 1.19
	
10	 > 1.20
The specimens tested at 0.5 sec' are shown in figures 85 and 86. Figures
87 to 89 are for specimens tested at 5 sec 1
 and figures 90 and 91 correspond to
the specimens tested at 50 sec. The parameters related to these specimens are
suniiiarised in Table VIII.
From the diagrams, it can be seen that the strain distribution is complex
and follows the patterns found previously in lead and aluminium (Sellars et al
1976; Beynon, 1979; Beynon and Sellars, 1983). This distribution is independent
of the strain rate. Two spots are shown in the distribution maps, one with
higher than average strain, hard spot, that corresponds to the centre of the ax"
in the slip line field solution theory, and a region with less than average
strain, soft spot, slightly above the previous one.
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Due to mechanical inertia the specimens deformed at the highest strain rate
were, in general, overstrained. In order to eliminate any effect due to higher
nominal strain the values of strain in each element were normalised by dividing
the value of strain in the element by the nominal strain. Histograms of the
calculated strain and the normalised strain values appear in figures 92 to 94,
the strain intervals used in the first case are the same as in the contour maps,
the strain intervals chosen for the normalised values are as follows.
Interval.
0
1
2
3
4
5
6
7
8
9
10
Normalised strain range.
< 0.29
0.30 - 0.59
0.60 - 0.89
0.90 - 1.19
1.20 - 1.49
1.50 - 1.79
1.80 - 2.09
2.10 - 2.39
2.40 - 2.69
2.70 - 2.99
> 3.00
In the case of the strain histograms, at low strains, a maximum exists in
each distribution and is more apparent at the lowest strain rate. At high
strains, two maxima are developed, one at lower than average and a second one at
higher than average strain. These peaks correspond with the previously mentioned
hard and soft spots and are more marked towards the higher strain rates. This
variation in the behaviour between high and low strains and strain rates is not
so apparent for the nonnalised histograms. Although it was expected that the
peak in the normalised strain histograms would be around the interval marked as
three, but the overshoot might be due to the assumption of the perfect plane
strain conditions when calculating the values of strain.
The values of the average strain were corrected to allow for lateral
spreading in the way described in appendix 3. The values of this corrected
strain were plotted against the nominal strain, obtained from the corresponding
load-displacement curve, figure 76 b.). The data fall in the oscillating form of
- 91 -
relationship previously found in aluminium alloys (Beynon and Sellars, 1983),
figure 95. Two cross-overs of the 45° line appear at strains of 0.42 and at
0.77.
In figure 96 the strain in the active slip line field is plotted against
the average strain measured on the grid. The small difference in the values
indicates that the averaging along the slip line field is closely similar to the
overall average value within the area of specimen under the tools. In figure 97
average strains in 10% of the area with the highest strains and in the 10% of
the area with the lowest strains are plotted against the nominal strain, and it
can be observed the wide spread of these strains is clearly apparent, especially
at the highest strain rate.
7.3.2. Metallographic observations.
As was mentioned before, some specimens were deformed up to the strains
marked in figure 76 and then quenched in order to observe the microstructural
features. The specimens were mechanically polished and electrolytically etched.
Micrographs were taken from the centre of the specimen. Figures 98 and 99 show
the microstructural evolution in the specimens tested at 910 C. The evolution of
microstructure in specimens deformed at the higher temperature appears in
figures 100 to 102. In all cases the magnification is 500x.
The structure presented is that of a material that recrystallise
dynamically. At the start of the deformation the grains are elongating, and
after a certain period small new grains start to grow in the grain boundaries.
The structure was always sharper in the material deformed at the higher
temperature. At this temperature, it can be seen that the appearance of the
newly recrystallised grains change with the strain rate, being more defined and
developed as the strain rate increases.
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7.3.2.1. Grain size measurements.
The grain size of the specimens was measured by means of the mean linear
intercept technique along two orthogonal directions and averaged. Due to the
aspect ratio of the unrecrystallised material, a high standard error was
introduced.
When plotting the grain size against the strain achieved by the specimen, a
tendency for grain refinement, characteristic of dynamic recrystallisation, is
observed at both temperatures, figures 103 and 104. Due to the previously
mentioned high standard error, only one line is traced in each figure, but there
is a consistent decrease in the mean grain size with respect to the Zener-
Hollomon parameter as predicted by the theory (Sah et a] , 1973; Jonas and
McQueen, 1975; Sellars, 1978). Plotting the same grain size against a modified
time parameter, calculated as the ratio of the nominal strain over the strain
rate, a steeper gradient in the grain refinement is observed with the increase
of the Zener-Hollomon parameter, figures 105 and 106.
7.3.2.2. Dynamically recrystallised fraction.
The dynamically recrystallised fraction was calculated by point counting in
the same specimens in which the grain size was measured. It was observed that
the recrystallised fraction varied within the specimen from place to place, in
agreement with the strain distribution patterns obtained previously, figures 85
to 91.
The average recrystallised fraction was then measured over the surface of
the specimens, Table IX. These data are plotted against the modified time
parameter in figure 107 for the specimens tested at 910 C and in figure 108 for
the specimens tested at 1006 C. In all the cases, the recrystallised fraction
followed an Avrami type of relationship given by
Xv = 1 - exp[B(E/)m]	 (7.4)
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where E and	 are the nominal values of strain and strain rate and B and in are
constants. The values of m were of 1.30 and 1.80 for strain rates of 0.547 and
5.163 sec4
 respectively, when testing at 910 C, and of 1.68, 3.08 and 3.56 for
strain rates of 0.413, 4.824 and 43.06 sec
	 respectively for the tests carried
out at the higher temperature. The open points marked in figure 108 represent
values of local recrystallised fraction measured along lines of constant strain
obtained by cutting the specimens along the breadth.
When the values of recrystallised fraction are plotted against average
strain (filled points) or local strain (open points) for data measured over the
deforming area or constant strain lines, all the data fall within the same
scatter band, for the specimens tested at 1006 C, figure 109.
The local values of recrystallised fraction were averaged when the
measurements were carried out in different samples, but in regions with equal
local strain.
The difference in the values of the exponent m, equation (7.4) may indicate
that there is a comon feature between the tests carried out at the lower
temperature and the tests carried out at the lowest strain rate at the higher
temperature. In order to observe if there was a similarity, the recrystallised
fraction was plotted against the ratio of the nominal strain over the measured
strain to the peak, figure 110. In this curve, it can be seen that all the data
fall on two curves, one for the highest strain rate at 1006 C and the second for
the other	 strain rates, notwithstanding the difference in the testing
temperature.
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7.4. Temperature Measurements.
In order to compare the temperature increase and distribution within the
specimens, some tests were carried out with either one of two inserted
thermocouples. Some preliminary work was carried out in the titanium bearing
steel
7.4.1. Preliminary work.
Specimens 5 m thick were used in order to obtain higher strain rates than
5Osec	
In all cases one thermocouple was inserted in the centre of the
sanpie. A relatively low testing temperature was chosen in order to observe if
the temperature increase during deformation would be high enough to cause the
local transformation to austenite.
Due to the high strength of this material, figure 111, the highest strain
rate achieved was of 48 sec 1 . The temperature increase registered by the
thermocouples, figure 112, was not high enough under any circumstances to
achieve the desired austenitic transformation, but it can be seen that the
tenperature-strain curves, obtained at high strain rate, present a series of
kinks or bumps. The curve marked as the theoretical adiabatic heating was
calculated with the help of equation (5.1) from the corresponding stress-strain
curve. It can be seen that, except for the curve obtained at the lowest strain
rate, all the registered temperature-strain curves lie at higher temperature
than the adiabatic one.
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7.4.2. Single thermocouple tests.
Tests were carried out on specimens of the standard 11 n-in thickness and on
one specimen each of 6 and 8 rrin thickness. In these tests, double deformation
was given and the thermocouple was connected to the computer of the servo-
hydraulic machine. The first deformation up to a strain of about 0.05 at a
strain rate of about 0.5 seC' was given in order to ensure the closure of the
hole in which the thermocouple was inserted, and obtain a reliable temperature-
strain curve. After an annealing period of two minutes, the second deformation
was given at strain rates of 0.5, 5 and 50 sec' figure 113. The curve marked
as E, in which only one deformation was given, was for a specimen deformed with
two thermocouples connected back to back. One thermocouple was in the centre and
the other in the shoulder of the specimen, in this way, the temperature
difference between the two regions was registered.
The actual temperature-strain curves are traced in two figures. In figure
114, the curves for the tests at 0. 5 and 50 sec are represented. In curves B
and C two kinks similar to the ones previously mentioned in figure 112 appear.
After the kink, both curves present a temperature increase rate similar to that
of the theoretical adiabatic one, B'. The curves obtained at 5 sec' are plotted
in figure 115. In this figure, the specimen with two thermocouples, D, was
displaced to make its origin coincide with the origin of the other tests. A is
the temperature-strain curve of the specimen 6 inn thick, B of the specimen 8 m
thick. The temperature increases registered fall within the same scatter band,
notwithstanding the different testing conditions.
It is interesting to notice the relative position of the theoretical
adiabatic curve in relation with the registered one. For low strain rates, the
adiabatic curve is higher than the registered one, for high strain rates, the
contrary appears, figure 114. At intermediate strain rates, figure 115, the
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registered temperature-strain curve lies above the adiabatic one at low strains,
but a reverse occurs at high strains.
In order to follow the temperature evolution after deformation, some
specimens were deformed with the thermocouples connected to the ultraviolet
recorder described elsewhere (Harding, 1976), figure 116. The most notable
feature is the high temperature achieved at the highest strain rate, curve F,
followed by a very high drop in temperature after the end of deformation. The
temperature increases reached by the tests at 5 and 10 sec and their
respective drops are not as marked. Towards the lower range in strain rate the
increase of temperature is moderate and there is not an instantaneous drop in
temperature, but rather a smooth decrease.
When plotting the increase of temperature versus strain rate, figure 117,
it can be seen that as the strain rate increases both the temperature increase
and the dispersion between specimens tested at equivalent strain rates increase.
In all cases, the increase of temperature was calculated as the difference
between the highest temperature achieved and the initial temperature.
7.4.3. Tests with two thermocouples.
The temperature difference measured between the centre of the specimen and
the shoulder, curve D in figure 115, indicates that the readings recorded by the
servotest machine when two thermocouples connected back to back are reliable. In
this case, the temperature-strain curve obtained by this method is equivalent to
any other at the same strain rate after the origin of the different curves
coincide. Tests were carried out with two thermocouples in the deformed zone.
The temperature-strain curves for the specimens deformed at 0.5 sec 	 are shown
in figure 118. In the insert the trajectories deduced from the grid analysis,
figure 82, are marked. The curves for the specimen deformed at 5 sec 1
 appear in
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figure 119, together with the trajectories deduced from figure 83. In figure
120, the curves for the specimens deformed at the highest temperature are
traced. In the insert appears the trace of the thermocouple that was nominally
to be in the centre of the specimen, but was displaced. In all cases, the
trajectories were deduced from the initial and final positions of the
thermocouples. In the inserts only the trajectories up to strains of about 0.8
are drawn. The traces of the specimens correspond to that of the specimens used
in the determination of the strain distribution and deformed at strains of 0.4
and 0.8.
It can be seen that as the strain rate increases, the temperature gradient
within the specimen increases, helping the explain the dispersion towards high
strain rates, figure 117.
Chapter 8.
Discussion.
8.1. Shape of Stress-strain Curves.
The stress-strain curves in figures 43, 44 and 49 to 61 are those of a
material that recrystallise dynamically during deformation. In each curve, the
peak in stress is due to the interaction between hardening and softening
mechanisms.
8.1.1. General Remarks.
In the case of lead, figure 22 (Sellars et al, 1976), no inversion in the
strain rate dependence of the strain to the peak in stress is found. The
expected relationship (Luton and Sellars, 1969; Sellars, 1978) between the
strain to the peak in stress and the strain rate is found. The strain rate at
which a maximum in strain to the peak appears is higher for titanium bearing
steel, figure 45, than for the stainless steel , figures 62 and 63. The main
difference between the three materials is the energy involved in the deformation
represented as the area under the stress-strain curve. This energy will produce
an increase of temperature given by equation (5.1) that might help to localise
the strain within the specimen, and as will be shown later, this increase of
temperature by itself modifies the shape of the stress-strain curve.
The strain to the peak achieved under plane strain compression conditions
at high strain rates seems to be dependent mainly on the testing method and,
only secondarily, on the material. The value of the strain to the peak achieved
at the highest strain rate is around 0.20 for the stainless steel and 0.25 for
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the titanium bearing steel. In axisymetric compression this behaviour was not
observed, but it might be because not a high enough strain rate was attempted.
As can be seen in figure 45, the values of strain to the peak tend to
approximate towards a common value at the top end of the experimental strain
rate range.
In section 7.2.4., when plotting the stress values at 0.15 strain and to
the peak it was observed that the material followed equations (7.1) and (7.2) up
to a strain rate of about 10 sec. At higher strain rates, the material
developed a certain tendency to deviate towards higher values of stress. This
tendency was more noticeable when the data were plotted against strain rate. The
incorporation of data tested at different temperatures by means of the Zen..,er-
Hollornon parameter disguised this phenomenon. It is interesting to notice that
at the steady state all the values of stress fall within the same scatter band.
The high values of stress obtained in the samples with small grain size,
figures 71 and 72, might be due to the thermal history prior to deformation. In
order to obtain small grain sizes, the specimens were reheated at low
temperatures for short periods of time and this might induce precipitation of
the M23C6 carbide. The coarser grain sizes were obtained after preheating the
specimens at temperatures higher than that to take M 23C6 into solution
(Ghoniaschi, 1983). Specimens obtained from similar treatments are being studied
by Barbosa (1983) to determine if precipitation is responsible for this effect.
8.1.2. Velocity effect.
When plotting the stress values, at low strains and at the peak, against
strain rate for the specimens with different initial geometry, figures 65 and
68, it was found that the stress for the specimens varied with the specimen
thickness over tool width, h/w, ratio. The higher stress being achieved by
- 100 -
specimens with higher ratios.
By plotting the initial velocity of the ram against the stress levels,
figure 121, it was found that the stress values, independent of the initial
geometry, followed a relationship of the type
V = Bexp(ia)	 (8.1)
where V is the ram velocity and B and r are constants. This relationship holds
until a velocity of about 100 nn/sec is achieved, E-10 sec 	 for specimens 11
nm thick. At higher velocities, the values of stress tend to deviate towards
higher values. This deviation coincides with the one mentioned previously, and
coincides with results previously observed on aluminium at equivalent velocities
(Beynon, 1979; Puchi, 1983).
We can consider that the stress-strain curve does not depend on the average
strain rate, as defined by equation (6.23), but is a function of the local shear
strain rate. The logical suggestion would be to deduce the local shear strain
rate from measurements of local strain, but as material which has been strained
to different levels is passing through the slip line field all the time, it is
not possible to use any straight forward differentiation method, nor is it clear
how a finite difference method could be devised because measurements of strain
at very close strain intervals are subject to too large errors for them to be
reliable for substraction.
The fact that the stress data correlate with the initial ram velocity,
figure 121, but not with the average strain rate, might indicate that the local
shear strain rate is about twice as high in the thick specimens as in thin
specimens for a given nominal strain rate. This might be due to widening of the
slip line bands to occupy a longer fraction of the specimen cross section as the
specimens become thinner.
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8.1.3. Behaviour at high strain rates.
The deviation in flow stress at high strain rates, figure 68, appears in
the curves of all the specimens, notwithstanding the different geometry or
testing conditions. The fact that the data for axisymmetric compression tests of
two initial geometries of specimen lie within one scatter band indicates that
the expected exponential relationship, equation (7.2), breaks down at strain
rates higher than 10 sec 4 . This relationship has been established from torsion
tests that in any case had a maximum strain rate around 5 sec'. In the case of
plane strain compression, the phenomenon appears at the same strain rate at both
temperatures regardless of initial grain size, figure 67,and if we allow for the
relation of velocity to local shear strain rate, discussed above, it will appear
at equivalent values of strain rate to that for axisymmetric data.
We cannot consider that this phenomenon is due to the machine because the
load levels recorded in axisymmetric and plane strain compression are completely
different, as are the velocities for the same strain rate on the two geometries
of axisymmetric specimens. However, the cause of the phenomenon is not
understood.
8.1.4. Dynamic recrystallisation.
When the recrystallised fraction versus the ratio of the nominal strain
over the strain to the peak was plotted, figure 110, it was found that the peak
in stress was achieved around 16% recrystallisation, in agreement with
observations on stainless steel deformed under axisymmetric compression by
Ahlblorn (1977).
In figure 122 curves A' B and B' show traces of the experimental curves,
reported in figure 63, for plane strain and axisyminetric compression tests.
Figure 110 shows that at strain rates up to 5 sec4
 the nominal strain to the
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peak flow stress,	 occurs at around 16% recrystallisation, whereas at 43
sec	 it occurs at less than 5% recrystallisation. This indicates that some
other factor than recrystallisation is causing the curve to flatten off and
therefore to reach a peak stress at lower strain than expected.
Considering that, due to recrystallisation alone the peak stress will occur
at 16% recrystallisation, leads to a higher value of
	 by a factor of 1.8.
Using this factor leads to the point shown in figure 122, from which curve A' is
interpolated. This has eliminated the decrease in the strain to the peak shown
in curve A at high strain rate.
It can be considered that the deformation is carried out only in a small
portion of the specimen which lies in the active slip line field at any one
time. With measurements such as the ones shown in figure 97, it was possible to
deduce, from the nominal strain, the val ue of strain occurring in a small
fraction of the material. Measuring from figures 92 to 94 the average strain
occurring in 10, 16 and 20% of the total area having the highest local strain
leads to ratios of local to nominal strain that have been appi ied to curve A in
figure 122 to obtain curves C, C' and C''. It can be seen that curve C', for 16%
of the area, which should correspond with the 16% that recrystallises first, is
now in reasonable agreement with the strain levels found in axisymetric
compression, although instability conditions occur at different strain rates in
the two types of tests. The existence of two curves for the axisymetric data
might be due to texture effects.
In section 8.1.2. it was mentioned that the local value of shear strain is
about twice as high in the thick plane strain specimens as in the thin ones. If
the data presented in figure 63 for the plane strain specimens were corrected
for this difference, the points obtained from thin specimens should be plotted
at half their nominal strain rate relative to the thick specimens. The values of
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strain to the peak will coincide at low and high strain rates, but at
intermediate strain rates the data would be forming different curves for each
geometry, indicating a difference in influence of deformational heating when the
slip line field patterns differ.
8.2. Strain Instabilities.
In the literature review it was pointed out that the occurrence of a
naximum in stress is a sign of instability or strain localisation. During hot
working the instability in lead and austenitic steels can be associated with
dynamic recrystallisation (Jonas and Luton, 1978). It has been shown recently
that in materials that recover dynamically only, a small peak, attributed to
strain localisation, appears in the stress-strain curve (Lombry et al, 1979).
In the stainless steel being studied, the peak appeared under different
conditions, but at constant recrystaflised fractions, section 8.1.3. In this
case, dynamic recrystallisation cannot be considered as the unique cause for the
onset of instabilities. Moreover, as can be seen from figure 123, the shape of
the stress-strain curves varies with the testing method.
8.2.1. Determination of the onset of instability.
In chapter 2, the principal criteria for the development of instabilities
are given. A reasonable criterion is that of Jonas et al (1976) and Semiatin and
Lahoti (1981) 	 as expresed by equation (2.70), in which is considered that
the flow will be unstable if the parameter alpha is higher than 5.
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The slope of the curves shown in figure 123 were measured and the parameter
alpha was calculated. The convention of Jonas et al (1976) requires the stress
and strain to be negative, in the present treatment, those parameters remained
positive and the criterion was changed to alpha less or equal to 5. In figures
124 to 127 appear the traces of this alpha-strain curves for plane strain
specimens, 6 and 11 rrn thick, axisymmetric compression and torsion respectively.
The values of strain at which alpha equals 5 are plotted in figure 128.
From this last figure it can be seen that the instability, leading to a
fall in nominal strain to the peak, is developed due to different causes under
plane strain, axisyninetric or torsion conditions, although for this last case
only one stress-strain curve was analysed.
8.2.2. Causes of instabilities.
In the case of axisyninetric compression, it can be argued that the
instability is caused by barreling formation. In figure 129 the	 load-
displacement curves for the axisynunetric specimens are traced, arrows are marked
at the change of slope associated by the onset of barreling (Nester and Pohiand,
1982). The values of strain associated with those displacements coincide with
the strain at which a = 5, in agreement with theoretical considerations by Jonas
et al (1976) and Kocks (1981). Observing the specimens used in those tests, it
can be seen that little barreling has taken place, i.e. little localisation has
developed despite the criterion, and in this case, it can be considered that the
strain distribution remains homogeneous.
The reduction in the value of strain at which the instability appears at
high strain rates for the axisynuiietric tests might be due to the effect of the
increase of temperature. As can be seen in figure 130, this would produce a peak
in stress in hypothetical stress-strain curves. It is assumed that for curve A,
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only work hardening and recovery are present and conditions are isothermal.
Fully adiabatic conditions were assumed to occur in curve B for a "soft"
material and in curve C for a "hard" material , see scales on the left and right
hand axes of figure 130 a.), leading to the temperature changes shown in figure
130 b.). Curves B' and C' are obtained when half of the adiabatic temperature
increase rate is assumed to affect the material. The result is that the strain
at which the peak appears tends to decrease with a harder material or with full
adiabatic conditions, as mentioned in section 8.1.1. The decrease in stress was
neasured by equation (7.2) from the data in figure 66, so it can be considered
that the effect of the temperature on the reduction of the strain to the peak in
stress will vary from material to material depending in the parameters involved
in equation (7.2).
The values for the strain at which a = 5 in the plane strain specimens can
not be considered as real , because Jonas' criterion is based on nominal values
of strain and strain rates, not on the local values that, as can be seen later,
are governed primarily by geometry, not microstructure. Furthermore it assumes
initial homogeneous deformation, which is never present in plane strain
Ccpressi on.
8.3. Strain Distribution.
The strain values obtained from the grid analysis coincided with previous
studies on lead and aluminium (Beynon, 1979; Beynon and Sellars, 1983).
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8.3.1. Strain values.
The studies were carried out on specimens with h/w ratio of around 0.7. The
contour maps, figures 85 to 91, show a tendency for homogeneity at high strains,
in agreement with the work on lead and aluminium that proved that the
distribution is more homogeneous in specimens with small h/w ratios, but at the
same time, this tendency might be due to limitations in the experimental or
computational method.
In figure 95 two cross-overs appear at strains of 0.42 and 0.77. In the
case of aluminium only one cross-over was detected at 0.44 strain (Beynon and
Sellars, 1983). Under frictionless plane strain compression, a change from 2 to
3 'x's appears when the h/w ratio changes from 2 to 3 (Rowe, 1965). With the
present geometric conditions, the h/w ratios of 2 and 3 are calculated to appear
at strains of 0.39 and 0.74.
The nominal strain is measured from the stress-strain curve obtained from
the load-displacement data. Any redundant work will not be taken into account in
this way, but will be introduced in the average value if the strain in each
element is calculated. Passing from the stage of two to three 'x's will
represent a change of sign in the redundant work. The disparity of the values of
strain at which the cross-over is obtained could be due to the effect of
friction on the slip line field (Loong, 1976).
In figure 96 the average strain of the elements in an approximate solution
of the slip line field is plotted against the average strain in the whole
specimen. The small difference might be due to the fact that the slip line field
that can be traced at any time represents a solution of the geometric
configuration of the specimen and, as can be seen in the contour maps, it might
extend out of the area under the tools, or it might be modified by friction
(Loong, 1976). The average strain represents the past defoniation of the
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material under the tools.
When comparing the contour maps or the histograms, figures 92 to 94, at
different strain rates, little difference can be detected. However, when
plotting the highest and lowest values of strains in 10% of the area, figure 97,
the spread of strain at different strain rates can be appreciated. Although the
data for the test at 0.5 and 5 sec 	 fall within the same scatter band, the
values obtained at the lower strain rate are consistently under the strain
values obtained at 5 sec.
8.3.2. Metallographic observations.
It is interesting to compare figures 108 and 109 in which the measured
recrystallised fraction is presented. In the first figure, the nominal fraction,
full points, measured over the whole specimen, and the local fraction, empty
points, measured in two different regions along lines of constant strain, are
plotted as a function of a time parameter calculated as the ratio of the nominal
deformation over the strain rate. Here, the data fall within a scatter band and,
in certain cases, the average values lie in the middle of the band.
In the second figure, the recrystallised fraction is plotted against the
average or local strain, depending on how the fraction was measured. In this
case, it can be seen that the recrystallised fraction depends only on the actual
value of strain and not on the time elapsed to achieve it, indicating that the
dislocation density at higher strain rate provides a higher 	 driving force for
dynamic recrystallisation (Sandstrbm and Lagneborg, 1975; Roberts and Ahlblom,
1978).
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8.4. Temperature Related Effects.
The effect of temperature on the stress-strain results might be due to the
actual increase due to deformational heating, or to its relative distribution
within the specimen, or to both.
8.4.1. Deformational heating.
The curves obtained when plotting the strain to the peak in stress versus
the strain rate, figures 45, 62 and 63, can be divided into three regions. The
first one when the strain to the peak increases with the strain rate, the second
when any further increase in strain rate leads to a decrease in the value of
strain at which the peak is achieved, and the third one in which the the strain
to the peak remains constant. In the case of çae stra	 so'ri t
figure 63, the first stage finishes around 1 sec 4 , the second at around 40
-1
Sec
When the temperature evolution during deformation was measured, three
different behaviours were found, figures 114 and 115. At low strain rates, the
temperature measured by the thermocouple inserted in the centre of the specimen
was always lower than the theoretical rise in temperature due to adiabatic
heating, equation (5.1). At intermediate strain rates, the measured temperature
increase was found to be higher than the calculated one at low strains, but, at
high strains, the calculated temperature was higher than the measured one. At
high strain rates, the measured temperature was always higher than the adiabatic
one, and a bump was appearing towards low strains. Similar behaviour was
previously observed in lead, figure 22, and niobium bearing steel, figure 23,
but it was attributed to other causes.
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The only explanation of the higher than adiabatic temperature increase is
that the thermocouple was located in zones with higher than average strain. The
extreme case arises at the top strain rates, and as can be seen in the contour
maps, figures 90 and 91, and from figure 131, the centre of the specimen is
within the slip line band up to strains equivalents to that at which the bump is
observed. This same bump might be the result of the cooling down of the material
from neighbouring regions when the slip line bands depart from the centre of the
specimen.
Considering the temperature difference within the specimen, figures 118 to
120, and the decrease of temperature after deformation, figure 116, a certain
effect of temperature distribution can be correlated with those three stages. In
the first one, the difference in temperature is small , and when the deformation
finishes, the heat is dissipated by convection or radiation to the furnace,
curves A to C in figure 116. In the second stage, the difference in temperature
is higher, and at the end of deformation, the hotter regions cool down by
conduction to the surrounding material, producing the small peak observed in
curves 0 and E. In the third stage, the temperature gradient within the specimen
seems to be very high, figure 120, and the cooling produced by the surrounding
material may be the very strong drop of temperature shown in curve F, figure
116.
8.4.2. Restoration curves.
In figure 75 the anomalous behaviour of the material during static
restoration at strain rates of 5 sec 	 was noticed. In the case of the specimen
that was annealed for 0.5 sec, we can consider that the temperature at the start
of the first deformation was 1006 C. From figure 115, it can be considered that
at the end of the deformation, the material is at 1036 C. At this strain rate
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equation (7.2) can be employed with the values obtained from figure 69. From
this, the stress can be considered to change from 229 to 249 MN/rn 2 . It can be
considered that the annealing period has not taken the material to the initial
temperature, but to about 1015 C, figure 116. In this case, the temperature
correction of the stress at the start of the second deformation will change the
value from 224 to 229 MN/rn2 . Using equation (7.3), the restoration index is
calculated to be 23.3%.
This rough calculation does not reach the value expected, but indicates
that one of the causes for the low restoration index is the increase of
temperature during straining, and the subsequent decrease after deformation. An
additional factor to the low restoration index obtained at the higher strain
rate may be the aspect of the recrystallised fraction, that seems to be
different at strain rates of 0.5 and 5 sec 4 , figures 100 and 101, although it
might be the same fraction if the strain at the end of the first deformation is
the same fraction of the strain to the peak at both strain rates, figure 110.
Observing the aspect of the stress-strain curves used to calculate those
restoration curves, figures 73 and 74, it can be considered that a certain
geometry or velocity effect is present. At the start of the second deformation
the specimens have an h/w ratio of 0.51, and a change in the width of the slip
line bands might be produced and the values of stress then measured will not be
equivalent to those measured during the first deformation. This geometry effect
will cause a more marked effect at the higher strain rate, figure 68.
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8.4.3. Microstructural effects.
In section 7.4.2. it was pointed-out that the microstructure was neater and
the dynamically recrystallised grains were more equiaxed as the strain rate
ifiaxirnum increases, figures 98 to 102. In figure 117 the increase of temperature
versus strain rate is plotted, and it can be seen that at low strain rate, the
deformation is carried out at a lower temperature than at the higher strain
rates. The same argument can be used to explain the evolution of the grain size
during deformation, figures 104 and 106. The effect might not be so marked at
900 C, figures 103 and 105, because the increase of temperature will not
increase the recrystallisation and grain growth kinetics as much as they will be
increased from 1000 C.
The apparent change of the Avrami exponent, equation (7.5), in figures 107
and 108 with increase of strain rate is an indication of the increasing effect
of deformational heating, which produces an increase in temperature and hence in
recrystallisation rate. In figure 109, the effect of this temperature increase
is shown to affect in the same proportion the local or nominal values of
recrystallisation at each strain rate.
8.4.4. Temperature distribution.
The temperature difference between the centre of the specimen and a special
displacement path are plotted in figures 118 to 120. In each curve a number of
oscillations appear, and, in order to interprete them, the positions of the
thermocouples within the deformation path with respect to the slip line field
are illustrated in figure 131.
The coordinates of each point were deduced taking into account the initial
and final positions of the thermocouples within the specimens. Up to strains of
around 0.8, those coordinates were cross-checked against the deformed grid,
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figures 82 to 84. The slip line field was traced to agree with the geometric
conditions. The points marked as A, A' and B correspond with those of the curves
and inserts in figures 118 to 120 for each strain rate.
It can be seen that the temperature difference increases when the eccentric
thermocouple enters the slip line field or when the slip line field does not
include the centre of the specimen. The temperature decreases when the contrary
occurs. For instance, in figure 119, it can be seen that from the start of
deformation up to a strain of 0.1, the temperature difference decreases for
curve A and remains constant for curve B. In figure 131 it can be seen that
thermocouple A lies outside the slip line fan, but thermocouple B and the one in
the centre of the specimen lie within the fan. From 0.1 to 0.2, it seems that
thermocouple B is out of the fan and in from 0.2 to 0.5. The thermocouple in the
centre is first in and then out of the slip line band. Thermocouple A is out all
the time. The result in those cases is that curve B, figure 119, first increases
and then decreases. At a strain of about 0.8 this thermocouple goes out of the
part of the specimen under the tools, figure 131, resulting in the decrease in
temperature registered in figure 119. Thermocouple A goes out of the region
under the tools at around a strain of 1.2, but it remains in the region of very
high shear, just outside the area under the tools, marked in the contour maps.
This results in the very high increase in temperature shown in figure 119.
The excesively high curve marked as B in figure 120 may be a spurious
result due to false contact of the couple at the specimen surface, created when
the hole in which the thermocouple is insert was closed with a centre punch,
and, in this case, the thermocouple will be registering the temperature at the
surface and not in the interior of the specimen.
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8.4.5. Steady state.
As was mentioned previously, the values of stress at 0.15 strain and peak
stress are deviated towards higher values at high strain rate. At the steady
state this does not appear, figure 70.
Although all the values lie within a scatter band, the value of , equation
(7.2),is lower than at the smaller strain levels, and the values of stress
obtained under torsion are consistently higher than the values obtained in plane
strain compression. The values of Z were calculated on the basis of the initial
temperature, and, as can be seen in figures 114 and 115, an increase of
temperature is achieved during the test. If the values of Z were corrected for
the average value of temperature increase as proposed by Foster (1981), it would
result in a lower value of . Also the high deviation towards high stress values
would be present at high strain rates. The occurence of this effect at the high
strains of steady state eliminates the possibility that it arises from an
initial shock loading or transient slip line field effect.
Moreover, if we compare the stress-strain curves of the titanium bearing or
the stainless steel , it can be seen that the slope in the stress-strain curve
after the peak is achieved in plane strain compression is completely different
from that for axisyninetric or torsion. In any case, the value of stress that
would be achieved by axisyninetric compression is higher than the value for plane
strain at equivalent strain rates.
Both phenomena, the non-deviation of stress at high strain rate and the
softening in plane strain might be due to deformational heating, that in the
first case may be high enough to counteract the hardening observed at lower
stresses. In the second case, the temperature gradient increases and this will
reduce the stress value in the way proposed by equation (7.2).
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8.5. Comparison of Stress-strain curves
Different mechanical tests were employed to determine the properties of the
austenitic steels. It was expected that the relationship between different tests
would be straight forward, but the increase of temperature during deformation
and the heterogeneity in the plastic deformation made this difficult.
8.5.1. Plane strain and axisymetric compression.
In figures 95 to 97 the heterogeneity during plane strain deformation is
documented. In order to compare the results between both compressive tests, a
stress-strain curve obtained under axisyffinetric compression was chosen and
different corrections were carried out on it.
The first correction was due to strain distribution. The strain in the slip
line field was plotted against the nominal strain, figure 132. A third degree
polynomial was fitted to the experimental data
E = 0.0095 + 2•l6En - 3.64E + 2.98 E	(8.2)
where E 5 and	 are the strain in the slip line field and the nominal one. This
relationship was chosen over those in figure 95 and 96 because the material that
is to be strained is contained within the slip line field, and, as was indicated
in the previous sections, the strain distribution in axisymmetric compression is
considered to be homogeneous because the barreling effect in this case can be
neglected. By correcting the strain values of the axisymmetric tests by the
ratio of the nominal strain (the one present in a homogeneous strain test) over
the strain given by the polynomial (the one of the heterogeneous plane strain
test) the stress-strain curve is displaced towards the left with the higher
initial slope expected in more heterogeneous distributions of strain, curve B in
figure 133.
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The second correction is due to the stress distribution associated with the
strain distribution along slip bands.For this, the histograms in figure 93 were
used to calculate the average stress at different strains. The effect of this
correction is to decrease the stress values from curve B to curve C in figure
133, i.e. it is trivial.
The most important correction was due to temperature, in this case, it was
assumed that at the present strain rate, 5 sec, the axisyimietric specimen
would be deformed under adiabatic conditions and that 	 the temperature
distribution would be homogeneous within the specimen. For plane strain, it was
assumed that the material would be deformirig in the hottest regions which cross
the centre of the specimen at these strains, figures 87 to 89 and 131. From
figure 115, the temperature difference, between the temperature measured under
adiabatic conditions and that of the average of the temperature-strain curves,
was measured at different strains. The values of stress were modified in
agreement with equation (7.2) using the values obtained from figure 66. This
last correction reduces the difference in stress between the	 corrected
axisymetric curve, D in figure 133, and the plane strain one, E, to about 2% up
to the strain to the peak in stress. At higher strains both curves diverge, but
this might be due to different effects of instabilities.
8.5.2. Plane strain compression.
In figure 134 the schematic variation of the local shear strain, developed
in the slip line bands, is represented. It is assumed that with v/h constant,
where v is the initial velocity of the ram and h the height, constant, a
decrease in the value of the local shear strain rate is expected with the
increase of the tool width over height ratio up to a value around 3 or 4. When
the local shear strain rate is plotted against the nominal strain, a series of
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curves are obtained, figure 134 b. The implications of this behaviour are useful
to explain the differences in values measured at low and high strains in
specimens with different initial geometry, figures 65, 68, 70 and 121.
In figure 135, the stress-strain curves of specimens tested with initial
height over tool width ratios of 0.73 and 0.40 are shown as curves A and C.
Curve B is obtained when the ratio of initial ram velocities is used as a factor
in curve A. This correction is assumed to compensate for the variation in width
of the slip line bands, and takes curve B within 2 	 of curve C. Better
correlation, as for figure 133, between curves B and C would probably be
obtained if the strain distribution for both geometries were known.
Chapter 9.
Conclusions and Suggestions for Future Work.
From this research, it is possible to draw the following conclusions:
1.) Although in all cases the peak in flow stress encountered in the
stress-strain curves, for both titanium bearing and stainless steel, is related
to dynamic recrystallisation, at high strain rates the strain to the peak can be
arkedly reduced
	 by	 deformational	 heating,	 without	 requiring	 strain
local isation.
2.) In the plane strain compression tests the strain rate range can be
divided into three parts:
a.) Low strain rates. Characterized by the expected increase of the strain
to the peak in stress with the increase of the strain rate. The temperature
increase due to deformational heating is moderate and low temperature gradients
are developed. After deformation the temperature decreases in a smooth way.
b.) Intermediate strain rates. In this stage the strain to the peak in
stress decreases with the increase of strain rate. There is a marked increase of
temperature, the temperature gradients are steeper than for the former stage.
After deformation a drop of temperature is characterized by an initial rapid
rate in a temperature versus time plot, indicating that significant local
temperature gradients have developed within the deformation zone.
c.) High strain rates. The strain to the peak in stress achieves a value
that is independent of temperature, geometry or microstructure. The local
increases of temperature are very high, as shown by a very strong drop of local
temperature imediately after deformation.
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3.) The inversion in the dependence of the strain to the peak in flow
stress that occurs at intermediate strain rates is due to strain localisation
enhanced by local increase of temperature. The fact that this inversion appears
at a higher strain rate for axisyrrinetric tests than for plane strain compression
is due to the intrinsic strain heterogeneity in plane strain tests.
4.) In computer simulation of hot working operations, the data obtained at
low strain rates are frequently used to predict the behaviour in the hot working
domain. The present tests were carried out at equivalent strain rates to those
encountered during hot working operations indicate that the stress-strain rate
re'ationships obtained from lower strain rates may break down at strain rates
around 10 sec, leading to higher flow stresses than predicted.
5.) Grain size has little effect on the inversion in strain to the peak,
even though at small grain sizes so M 23C6 carbides are present. At low and
intermediate strain rates the peak is attained at higher values in samples with
coarser grain sizes.
6.) In plane strain compression, it was found that the recrystallised
fraction depends on the actual value of strain, either locally or in the
average, not on the time required to achieve this strain.
7.) The strain to the peak, at low and intermediate strain rates, is
achieved when about 16% recrystallisation is accomplished. At high strain rates
the peak appears at lower recrystallised fraction due to temperature increase
with strain.
8.) At high strain rates the localisation of temperature rise in the
active slip line bands in plane strain compression is detected by implanted
thermocouples as they move thorough the active bands. The local temperature rise
can be up to twice the value calculated assuming homogeneous adiabatic
deformation, indicating the high local shear strain rates that are attained
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within the slip bands.
9.) The strain distribution analysis has shown that the average value of
strain along active slip bands is independent of the strain rate, but the range
of local strain values increases as the strain rate increases.
10.) The difference observed between the initial slope of stress-strain
curves obtained under axisynnetric and plane strain compression is due primarily
to the complex strain distribution observed in plane strain. A second order
effect is given by the stress distribution.
11.) At high strain rates, when the increase of temperature due to
deformational heating is significant, the difference in stress level between
plane strain and axisyriinetric compression tests can be attributed to the
temperature gradient developed in plane strain specimens.
12.) It seems that the difference between stress-strain curves obtained
from specimens with different initial geometry, h 0/w from 0.7 to 0.4, tested in
plane strain compression is due to the change of width of the slip line bands
with geometry so that local strain rates are approximately proportional to ram
velocity and not to nominal strain rate when the ratio of tool width to specimen
height is less than about 3 to 4.
Although it was shown that the value of strain to the peak in stress was
affected by the strain and temperature distribution, the following points
require further investigation:
1.)	 It is not clear if the deviation to higher than expected values of
stress observed at high strain rates is restricted to testing in compression or
is a general phenomenon. It is desirable to look for similar behaviour in tests
on different machines, and for actual values of loads registered during rapid
working operations.
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2.) One of the causes of the high temperature gradients in stainless steel
is its relatively thermal conductivity. It would be useful to determine how the
phenomena observed in plane strain testing stainless steel are modified in a
copper base alloy with much higher conductivity, but the same type of
microstructural changes dun ng deformation.
3.) Although it was shown that the strain in the slip line field does not
depend directly on the nominal strain rate, it would be interesting to study the
strain distribution in specimens with different initial geometry.
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Program Bintape (input,output,newflie,oldfi?e);
2
	
3
	
corst k = 256;
	
4
	 type dimens = 1..500; dimen = array [dimensi of real;
	
5
	
arra = array (1..51 of Integer;
	
6
	
var diso, load,ternp : dimen; flop : arra;
	
7
	
nfiie,ofile	 aifa;
	
8
	
oidflle,newfiie	 text;
	
9	 ch : char; nt,m,kt	 integer; preg : boolean;
10
	
11	 procedure readIng;
	
12
	
var l,nl,n2,ntp,j,ival : integer;
13
	
14
	
function correc (l,Jlnteger) : Integer;
	
15
	
beg In
	
16
	
correc k*(J_2 55 I2 64
	
17	 end;
18
	
19
	
begin
	
20
	
for !:=1 to nt do
	
21
	
begin
	
22
	
read(oldf I le,nl,n2);kt:=kt+2;
	
23	 nop[I1:(n2*k+n1) dlv 2
	
24	 end;
	
25	 rtp:nopt nil;
	
26
	
for j: = 1 to 3 do
	
27
	
beg In
	
28
	
for i: =1 to nip do
	
29
	
begin
	
30
	
if (kt+2)mod 13 = 0 then
	
31
	
begin
	
32	 readfn(oldfl Ie,nI,n2);k-f:=ki+2
	
33	 end else
	
34
	
if (kt+1 )rnod 13 = 0 then
	
35
	
beg In
	
36	 readln(oldfi Ie,nl );read(oldfl le,n2);kt:kt+2
	
37	 erd else
	
38
	
begin
	
39	 readoIdfiie,n1 ,r2;kt:=kt+2
	
40	 end;
	
41
	
if n2 > 128 then IvaI:=correc(nl,n2)
	
42	 else IvaI:n2*k+nl;
	
43	 case j of
	
44
	
1 : disptIl:(lvaI)/100;
	
45
	
2	 Ioad[Il:IvI;
	
46
	
3	 tempt IJ:Ival
	
47	 end
	
48	 end
	
49	 end
	
50	 end;
Appendix 1
Programs Used to Determine the Stress-strain Curves.
The next programs are written in the PASCAL version described in
chapter 5. In order to obtain the stress-strain curves, the programs have
to be processed in the given order.
1.1 Binary to Decimal Translation (Program Bintape).
In this program the original data provided by the PDP11/10 are
translated into decimal code. For this, the punched tape i?s roacfed mnto the
ICL19O6S computer by means of a standard program and then the data are
transfered into the PR1ME75O for which the programs are written.
Line 1.- Program heading, with its name and the name of the files used
to coninunicate with the environment.
Lines 3 to 9.- Declaration of global constant, types and variables
used through all the program. The non-standard type alfa, line 9, is
defined as packed array [1..8] of char.
Lines 11 to 50.- Procedure used to read the binary numbers provided.
Those data are recorded in a file whose lines are thirteen numbers long.
Here, all the decimal numbers are formed by the combination of two, eight
bit long, bytes. In the form n2*256+nl, line 42. In the case of negative
numbers, the sign is taken as a '1' in the first bit of the second byte, in
that case, the complement of the two bytes is taken as the actual number,
function correc, lines 14 to 17.
The numbers to be read, by this procedure, are the number of points at
the end of each deformation, the total number of points being equal to the
points at the end of the last deformation. The data are recorded in blocks.
First, all the displacement, then all the load, and eventually all the
temperature data are read. The displacement readings are converted to the
actual ones by dividing them by 100, line 44.
Program Bintape (input,output,newflle,oidfile);
2
	
3
	
corst k = 256;
	
4
	
type dirnens = 1..500; dimen = array [dimensi of real;
	
5
	
arra = array (i..51 of (nteger;
	
6
	
var diso, load,1-emp : dimen; flop : arra;
	
7
	
nfile,ofile	 aifa;
	
8	 oidfile,newfile 	 text;
	
9
	
ch : char; nt,m,kt : integer; preg : boolean;
10
	
11	 procedure read fig;
	
12
	
var l,nl,n2,nt-p,J,ivai	 integer;
13
	
14
	
function correc (i,j:in-teger) : integer;
	
15
	
begin
	
16	 correc	 (J-2 55 1-2 64
	
17	 end;
18
	
19
	
begin
	
20
	
for i: =1 to nt do
	
21
	
begin
	
22
	
read(oldfile,nl,n2);kl-:=k-t-+2;
	
23	 rop[ ii:=(n2*k+nl ) div 2
	
24	 end;
	
25	 rtp:=nop[n-1-I;
	
26
	
for j:1 to 3 do
	
27
	
beg In
	
28
	
for i: = i -to ntp do
	
29
	
begin
	
30
	
If (kt+2)rnod 13 = 0 then
	
31
	
begin
	
32	 read In(oldflle,nl,n2);k-1-:=kt-s-2
	
33	 end else
	
34
	
if (kt+1 )mod 13 = 0 then
	
35
	
begin
	
36	 readin(oIdfl le,nl );read(oldfi ie,n2);kt:kt+2
	
37	 end else
	
38
	
begin
	
39	 read(oldf I le,nl,n2);k-f:=k-l-+2
	
40	 end;
	
41
	
if n2 >= 128 -then Iv&:=correc(nl,n2)
	
42	 else ival:rn2*k+nl;
	
43	 case J of
	
44
	
1 : disp(iJ:=(lvai)/100;
	
45	 2	 load[i1:=1v8l;
	
46	 3	 tempIiJ:ival
	
47	 end
	
48	 end
	
49	 end
	
50	 end;
Appendix 1
Programs Used to Determine the Stress-strain Curves.
The next programs are written in the PASCAL version described in
chapter 5. In order to obtain the stress-strain curves, the programs have
to be processed in the given order.
1.1 Binary to Decimal Translation (Program Bintape).
In this program the original data provided by the PDP11/10 are
translated into decimal code. For this, the punched tape is loaded into the
ICL19O6S computer by means of a standard program and then the data are
transfered into the PR1ME75O for which the programs are written.
Line 1.- Program heading, with its name and the name of the files used
to cofniwnicate with the environment.
Lines 3 to 9.- Declaration of global constant, types and variables
used through all the program. The non-standard type alfa, line 9, is
defined as packed array fl..8J of char.
Lines 11 to 50.- Procedure used to read the binary numbers provided.
Those data are recorded in a file whose lines are thirteen numbers long.
Here, all the decimal numbers are formed by the combination of two, eight
bit long, bytes. In the form n2*256+nl, line 42. In the case of negative
numbers, the sign is taken as a '1' in the first bit of the second byte, in
that case, the complement of the two bytes is taken as the actual number,
function correc, lines 14 to 17.
The numbers to be read, by this procedure, are the number of points at
the end of each deformation, the total number of points being equal to the
points at the end of the last deformation. The data are recorded in blocks.
First, all the displacement, then all the load, and eventually all the
temperature data are read. The displacement readings are converted to the
actual ones by dividing them by 100, line 44.
	51
	
procedure writing;
	
52
	
var i,J : Integer;
	
53
	
begin
	
54	 write (newflle,nt:4,' ');
	
55
	
for i:=1 to nt do
	
56	 write (newflle,noptil:4,' '); writein (newfile);
	
57
	
for J:rl
 to 3 do
	
58
	
begin
	
59
	
for I:1 to noptotl do
	
60
	
begin
	
61
	
if (i)mod(10)<>0 then
	
62
	
begin
	
63
	
case J of
	
64
	
1 : write (newfile,ioad[i1:7:2,' ');
	
65
	
2 : write (newfiie,disp(i]:7:3,' ');
	
66
	
3 : write (newflle,tecnpi 11:7:3,' ')
	
67	 end
	
68	 end else
	
69
	
begin
case J of
	
71
	
1 : writein (newflle,load(il:7:2);
	
72
	
2: wrltein (newfiie,disptil:7:3);
	
73
	
3: wrltein (newf1Ie,teipti1:7:3)
	
74
	
end
	
75	 end
	
76	 end;
	
77
	
If (noptntl)mod(10)<>0 then writein (newfile)
	
78	 end
	
79	 end;
80
	
81
	
begin
	
82	 repeat
	
83	 wrlte('Data file? '); readln(oflie);kt:0;
	
84	 reset(oldflie,ofiie); read(oldfile,nt);kt:kt+1;
	
85	 while nt <> 1 do
	
86
	
begin
	
87	 read (oldflle,nt);kt:=kt+1
	
88	 end;
	
89	 read(oldfl le,nt);nt:=nt_48;kt:=kt+l;
	
90	 reading;
	
91	 nfl leil ]:='m';rfI 1e121 :='';
	
92
	
for m:1 to 6 do
	
93	 nfl ietm+21:ofi leimI;
	
94
	
rewrite(newfile,nfiie); writing;
	
95	 write('Finish? ');readin(ch);
	
96	 case ch of
	
97	 preg:true;
	
98	 preg:false
	
99	 end
	
1 00	 until preg;
	
101	 end.
Lines 51 to 79.- Recording of the decimal numbers into a new file. The
first line contains the number of deformations and the number of points at
the end of each deformation. The rest of the data are recorded in ten
numbers long lines. The recording order is first load, then displacement,
and temperature at the end.
Lines 81 to 101.- Main body, the program is repeated for different
tests. A negative answer is required to leave the program, lines 95 to 100.
The only additional data needed is the name of the file in which the
original binary numbers are recorded. In order to avoid confusion with the
data, the first number to be taken into account has to be a '1'. The second
number, is the number of deformations in the test, this number is not a
binary, but the corresponding ASCII value, line 89.
The decimal numbers are recorded in a new file. Assuming that the
original name was FILE, the modified data are recorded under the name
M_F I LE.
Program Origcor (input,output,orlgfii,modfil);
2
3
	
tyDe rum = 1..500; arra = arraytnumi of real; cinq = 1..5;
4	 arrb = arraytcinqi of boolean; arrc = array(cinql of integer;
5
	
'ir ioad,disp,tecnp : arra; preg : arrb; flop: arrc; ch : char;
6
	
origfil,rnodf ii : text; tltle,rf lie : alfa;
7
	
rt,i : integer; hO,hf,h!,ioads,siope,orden : real;
8
9
	
function desc(ch:char) : boolean;
10
	
begin
11
	
case ch of
12
	
desc:=true;
13
	
'N','n','O' : desc:=false
14
	
end
15
	
end;
16
17
	
procedure naming;
18	 var I : Integer
19
	
bea In
20
	
rf I let 1) : = 'm' ; rfi le(2 I :='';
21
	
for i:=1 +06 do rflte[l+21:=titletIJ
22
	
erd;
23
24
	
function dive (y : real) : real;
25
	
begin
26
	
dive:(y-orden)/s lope
27
	
end;
28
29	 procedure correct;
30
	
var kl,k2,i,J : integer; cg : real;
31
32
	
procedure maxdisp;
33
	
var I : integer; mx : real;
34
	
begin
35	 mx:=0; for !:1 to noptntl do
36
	
if mx < dlsptil then mx:dlsptiJ;
37
	
hi :=mx-hI
38	 end;
39
40	 procedure i inearini-;
41	 var I,m : integer; sx,sx2,sy,syx,delta : real;
42
	
begin
43	 sx:=0; sx2:0; sy:=0; syx:=0;
44	 m:k2-kl+1; for i:=kl to k2 do
45
	
begin
46	 sx:=sx+disptil; sx2:=sx2+sqr(disp[iI);
47	 sy:sy+load[iJ; syx:syx+ioad(iJ*disp[iI
48	 end;
49
	
deita:=m*sx2_sqr( sx);
50	 orden : = ( sy*sx2_syx*sx) /de I ta;
51
	
slope: = (m*syx_sx*sy)/dei ta
52	 end;
53
54
	
procedure picnow; ghost;
55
	
procedure erase; ghost;
1.2. Origin Correction (Program Origcor).
This program was written specially for the case of high temperature
deformation, in which a thick coat of lubricant is formed. The uncertainty
of the origin is created by this coat, and, in the special case of small
strains, this error can be very high. In order to avoid errors at the end
of the test, a correction similar to the one proposed by Foster (1981) is
used in order to correlate the measured and the recorded displacements. An
option is provided in case the lubricant thickness is negligible, as in low
temperature tests. The data recorded by the PDP1O/11 is transformed into
actual load values in this program. This program has to be run iteratively
in a graphic terminal.
Line 1.- Program heading, similar to the previous one.
Lines 3 to 7.- Declaration of the global types and variables.
Lines 9 to 15.- Function used to determine the result of decisions.
Lines 17 to 22.- Procedure used to correlate the test name and the
file in which the data are recorded.
Lines 24 to 27.- Determination of the displacement level as a function
of the load in the straight portion of the load-displacement curve.
Lines 29 and 30.- Heading of the procedure used to carry out the
origin correction.
Lines 32 to 38.- The maximum value of displacement is determined and
compared with the measured one obtained from substracting the final
thickness from the initial one.
Lines 40 to 52.- Determination of the straight portion of the load-
displacement curve by means of least square method.
Lines 54 and 55.- Plotting procedures from the GHOST library.
56
	
procedure curvep lot;
57
	
type names = packed arrey(1..201 of char;
58
	
var titulo	 names; J,n
	
integer;
59
	
procedure typecs(nom:names;i : integer); ghost;
60
	
procedure paper(i:integer); ghost;
61
	
procedure hrdchr(i: integer); ghost;
62	 procedure ptplot(xx,yy:arra;T,J,k:integer); ghost;
63
	
procedure pspace(xl,x2,x3,x4:real); ghost;
64
	
procedure map(xl,x2,x3,x4:real); ghost;
65
	
procedure posi-fn(xl ,x2:real); ghost;
66
	 procedure scalsi(xl,x2:reai); ghost;
67
	
procedure border; ghost;
68
	
begin
69
	
if loads = 1/20 then cg:10
es& rp:21X;
71
	
if preg(51 then
72
	
begin
73	 naper(1 ); pspace(0.2,1.2,0.3,1 );
74	 map(-1,5,-cg/10,cg); hrdchr(1 )
75	 end;
76	 erase; border; scaisi(1,cg/10); posltn(2.5,1 );
77	
-i-ypecs('Load vs disp!acecnent',20); n:nop(nt);
78
	
j:=172; ptplot(disp,load,1,n,J);
79	 positn(-1,-1.5); picnow; pregt5]:=false
80	 end;
81
82	 procedure I inearp lot;
83	 var I : integer; x,y : real;
84	 procedure point(xl ,x2:real); ghost;
85	 procedure Join(xl,x2:real); ghost;
86
	
begin
87	 y:=O; x:=dive(y); point(x,y); x:=hI; y:hi*slope+orden;
88
	
Join(x,y); x:=hi; y: =cg; Join(x,y); p1 cnow
89	 end;
90
91	 procedure fi nalcor;
92	 var i,k,n	 integer;
93
	
begin
94	 k:=0; n:=nop(ntl;
95
	
for i:1 to n do if dlve(load[l]) < hi then k:k+1;
96
	
if k > nopti I then k:nop(1 I;
97
	
for l:1 to k-I do disptll:disptil-dive(load[ifl;
98
	
for i:k -to n do disp(il:disp[iI-hi
99	 end;
Lines 56 to 80.- Drawing of the frame. The plotting scale is chosen
depending on the load range at which the test was carried out. The plotting
procedures are from the GHOST library.
Lines 82 to 89.- Plotting of the straight line interpolated. This
straight line is cut at the displacement resultant of the difference
between the measured and the recorded displacements, line 37.
Lines 91 to 99.- Displacement correction. This is done in two ways, if
the value of the displacement is less than the difference calculated in
line 37, then a value of displacement is substracted from the interpolated
straight line. If it is higher, the value of the difference between
displacements is substracted from the displacement at that point.
.
100
	 begin
101
	 for l:=1 to noptntl do dispIIl:=-disptil; maxdisp;
102
	 if hf < hO -t'hen
103
	 begin
104
	
curvep lot;
105	 repeat
106	 wrlte('Flrst and last points to be ');
107	 write('lnterpolated? ');readln(kl,k2);
I 08
	
Unearfnt;
109
	
I inearp lot;
110	 write('ls correct the interpolation? ');readln(ch);
111	 pregtl 1:desc(ch)
112	 until pregill;
113	 erase; finalcor;
114	 curvep lot
115	 end
116	 erd;
117
118	 procedure reading;
119	 var I,J : integer;
120
	 beg In
121	 naming; reset(orlgfil,rflle); read(origfil,nt);
122
	
for i:1 to nt do read(origfil,nop(i)); readln(orlgfll);
123
	
for J:1 to 3 do for i:1 to noptnt) do
124	 If I mod 10 = 0 then
125	 case J of
126
	
1 : readin(ortgfii,load[i]);
127	 2	 readtr(orlgfll,disp(i1);
128	 3 : readln(origfii,tecnp(i1)
129	 end else
130	 case J of
131	 1 : read(origfil,load(i1);
132	 2 : read(origfil,dlsp(11);
133	 3 : read(origfil,ternp[il)
134	 end
135	 end;
136
137	 procedure writing;
138	 var i,J : Integer;
139	 begin
140	 rewrite(modfll,ti-1-le); wril-e(modfil,nt, 	 ' );
141	 for I:1 to nt do write(modfil,nopt ID; wrlteln(modf Ii);
142	 for J:1 to 3 do
143	 begin
144	 if (nopint) mod 10 < 0) and (J <> 1) then writeln(modf II);
145	 for i:1 to nopCntl do
146	 if I mod 10 = 0 then
147	 case j of
148	 1 : writein(modfll,ioad!il:7:4,' ');
149	 2: wrlteln(modfil,dIspIi):7:3,' ');
150	 3: wri-teln(modfll,tetnp(i):7:3,' ')
151	 end else
152	 case J of
1 53	 1 :write(modfll,loadtIl:7:4,' ');
154	 2: write(modfii,dlsp(i1:7:3,' ');
1 55	 3: write(modfil,tecnpLil:7:3,' ')
Lines 100 to 116.- Main body of this procedure. The origin correction
is only to be carried out for initial thickness greater than the final one.
The load-displacement curve is plotted. The first and last points belonging
to the linear interpolation are input, and the straight line is plotted. If
the line interpolated is not the required one, the procedure can be
repeated, until the required line is encountered.
Lines 118 to 135.- Procedure used to load the data from the 'MFILE'
produced by the former program.
Lines 137 to 158.- Recording of the resultant data under the name
'FILE'.
156
	
end
157
	
end
1 58
	
end;
1 59
160
	
procedure grend; ghost;
1 61
162
	
beg in
163
	
preg(51:true;
164
	
repeat
1 65
	
write('Specimen number? '); readin(tltle);
1 66
	
naming; reading;
167
	
wrlte('Was recorded the temperature? '); read In(ch);
168
	
preg[11:desc(ch); if not pregEll then
69
	
for l:1 to nop(ntl do temptli:=disptil;
170
	
write('Iniclai and final thickness? ');
171
	
readin(hO,hf); hi:=hO-hf;
172
	
wrlte('Load range? '); readin(loads); ioads:loads/2000;
173
	
for i:rl to nop(ntl do Ioad(il:_load(i1*ioads;
1 74
	
correct; writing;
1,5
	
write('FinJsh? t); readln(ch);
1 76	 preg(2 J :rdesc(ch)
1 77
	
until pregl2];
178
	
If rot preg[51 then grend
170
	 erd.
Line 160.- GHOST procedure used to end the graphical output.
Lines 162 to 179.- Main body of the program. As in the former program,
the execution is repeated until a negative answer is given, lines 175 to
178. As additional data the initial and final thickness and the load range
are input. As has been pointed, the correction is done in the displacement,
and the original values of displacement will be stored in the third
channel, temperature. If the test was carried out with thermocouples, it
has to be indicated. In the case of tests carried out at low temperature,
in which the lubricant coat is negligible, the origin correction can be
avoided inputing a final thickness greater than the initial one. The load
is transformed to its actual value in lines 171 and 172.
Program Servotest (input,output,lnfile,outfiles);
2
3
	
const p1 = 3.14159; consl='Do you want to record the data? ';
4
	
cons2='Printout of tables? '; cons3='Finish? ';
5
	
type dimens = 1..500 ; cinc 	 1..5; dad = 1..10;
6
	
arra = array [dimensl of real; arrb = array (1..50J of real;
7
	
var preg : array [dec11 of boolean; des,nam : char;
8
	
nop,max	 array (cinc) of Integer;
9
	
discr : (axi,piane,tor); Infiie,oul-files 	 text;
10
	
test,dflie	 alfa; k,Jt,nt,iJ : Integer;
11
	
Ioad,diso,tenip,stress,s-train,srate,ener 	 arra;
12
	
defo,t-ecnpt,vel : arrb; hO,hf 	 real;
13
14
	
function descicion (ch : char)	 booiean;
15
	
begin
16
	
case ch of
17
	
descicion:=true;
18
	
descicion:=faise
19	 end
20	 end;
21
22	 procedure naming;
23	 var I : integer;
24
	
begin
25
	
dfi le[1 1:=nam; dfl iet2]:=',';;
26
	
for i:3 toB
27
	
dfl leE il:=test[ 1-21
28	 end;
29
30	 procedure maxim;
31	 var i,J,i,mx : integer;
32
	
begin
33
	
l:=1; rrx:=1; for J:1 to nt do
34
	
begin
35
	
for i:1 to nop[J1 do
36
	
if disp[mxl < dispEl] then mx:=l;
37	 max[J1:=nt'; i:=nop(J]+1
38	 end
39	 end;
40
41	 procedure reading (var datl,dat2,dat3 : arra);
42	 var i,J : integer;
43
	
begin
44
	
If narn	 'n' then
45
	
begin
46	 write ('Test number? ');readin (tost);
47
	
for i:7 to 8 do dflie[ii:test[iJ
48	 end else
49	 naming;
50	 reset( infi Ie,dfi Ie);read( InfI Ie,nt);
51
	
for i: = 1 to nt do read Clnfiie,noplil);
52
	
for J:1 to 3 do
53
	
beg in
54
	
for l:1 to nopintl do
55
	
if I mod 10	 0 then
56	 case J of
1.3. Stress-strain Analysis (Program Servotest.)
Stress, strain, strain rate and temperature analysis can be processed
with this program for different testing conditions like axisymmetric or
plane strain compression or torsion. The resultant data are recorded in
different files, to be processed by ulterior programs.
Line 1.- Program heading.
Lines 3 to 12.- Global constants, types and variables.
Lines 14 to 20.- Function used to determine decisions.
Lines 22 to 28.- Procedure in which the different files used, in input
as well as output, are named.
Lines 30 to 39.- Determination of the points at which the maximum
displacement is achieved for each deformation.
Lines 41 to 68.- Reading procedure similar to the ones described
previously, the difference is that different files, with different
variables, might be accessed during the execution.
	57
	
read Inc infite, datlt ii);
	
58
	
2	 readln(infile,da-t-211J);
	
59
	
3	 readln(infile,dat3til)
	
60
	
end
	
61
	
e I se
	
62
	
case j of
	
63
	
1 : read(!nfIle,datlHl);
	
64
	
2	 read(Infile,dal-2(i]);
	
65
	
3	 read(infile,dat3(l1)
	
66
	
end
	
67
	
end;
	
68
	
end;
69
	
70
	
procedure axisymmetr!c;
	
71
	
var 1,1 : integer; dO,t,fc,rO : real;
72
	73	 nrocedure radfr Ic;
	
74	 const 1k =0.577;
	
75
	
var I : integer; d,h,k,c,dc,dd,kl,k2 :real;
	
76
	
begin
	
77
	
k:1n(fk/fc)/fc;
	
79
	
for i:=1 to nop[ntl do
Oegt'n
	
80
	 h:h0-disp( i1;d:=dO*sqrl.(hO/h);
	
81
	
If fc >= 1k then
	
82	 stress! i1: = stress( i1/(1+fk*d/(3*h))
	
83	 e I se
	
84	 c:fc*d/h;
	
85
	
If d/h < k then
	
86	 stress! I1:=stressti]*sqr(c)/(2*(exp(c)_c_1))
	
87	 e I se
	
88
	
begin
	
89
	
dc:=d_h*k; dd:fc*dc/h;
	
90
	
kl :=(dd+l)*(exp(c_dd)_c_l)*2/sqrcc);
	
91
	
k2:=sqr(dd/c)*(fk/fc+fk*dc/(3*h));
	
92	 stress! I1:=stress(i1/(kl+k2)
	
93	 end
	
94	 end
	
95	 end;
96
	
97
	
begin
	
98
	
discr: ax!;
	
99
	
write ('Initial diameter and height, final height? ');
	
100
	
readln (dO,hO,hf); rO:d0/2;l:1;
	
1 01	 wrlte('FrIction coefficient? ');readln(fc);
	
1 02
	
for i:i to noptntl do
	
1 03
	
begin
	
104
	
t:h0-dlsp! ii;
	
105	 strain! 11:=in(hO/t);
	
106	 si-ressUl:load! iJ*1000/(pi*exp(straInhil)*sqr(rO))
	
107
	
end;
	
1 08
	
If fc>0 then radfric
	
109
	
end;
110
Ill
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procedure p1 anestraln;
const psc = 1.155;
vr I : in-teger; bO,-tw,fc,sc,b,f,t : real;
ch	 char;
procedure friction;
const f10.05; f20.389;
var I : Integer; t,z,d : real;
beg In
for l: = 1 to nopinti do
begin
t: =hO-dispt ii;
If fc < fi then
stress( iI: =s-tress( i1/((t/(fc*tw))*(exp(fc*tw/t)_1 ))
else If fc > f2 then
stressri]:=stresstlj/(1+tw/(sqr(2)*t))
else
begin
z:t/(2*fc)*ln(fc/2);
d: = (fc/2-1 )*t/(fc*)4(f/2_z)/(fc*j.w)+sqr(j/2_z)
/(tw*t);
s-tress! i1: = stress[ I J/d
end
end
end;
procedure tempcor;
co,,st r1.987;Je1=273;
var def,t,qO,alpha,srat,en,x,y,z 	 real;
l,Jc,k : Integer;
proceiure datacal I;
var I,J
	 Integer;
begin
nam:='t'; naming;
reset (inflle,dfile); readin (infIle,Jc);
for J:1 to 2 do
beg in
for i:1 to Jc do
case J of
1 : read (infIie,defo(i]);
2 : read (lnflIe,tempttil)
end
end
end;
function sinh(x
	 real)	 real;
begin
sinh := C exp( x)-exp C -x)
end;
function asinh(x
	 real) : real;
begin
asinh:=ln(sqr(x)+1 )
end;
Lines
compressio
specimen a
constancy
zero, the
case of
according
70 to 109.- Procedure used in the analysis of axisymmetric
n tests. Additional data needed are the dimensions of the
nd the friction coefficient. The stress is calculated assuming
of volume, line 106. If the friction coefficient is greater than
procedure in lines 73 to 95 is accessed. In this procedure, the
sliding, partially and fully sticking friction is ana'ysed
with the friction coefficient and the geometrical conditions.
Lines 110 to 113.- Heading of the procedure used to determine the
stress-strain curves under plane strain conditions.
Lines 115 to 134.- The effect of friction in plane strain is
calculated. As for axisyninetric compression, the three friction cases are
taken into account.
Lines 136 to 139.- Heading of the procedure used to calculate the
effect of increase of temperature during deformation on the stress-strain
curves.
Lines 141 to 154.- Loading of the values of strain and temperature at
the end of the strain interval obtained as result of the program described
by Foster (1981).
Lines 156 to 163.- Definition of the hyperbolic sine and the inverse
hyperbolic sine.
1 64
	 begin
1 65
	
write ('Act energy, alpha? ');
1 66
	
readln(qO,aiph&; write('Exponent of the ');
167	 wrlte('Z vs stress relationship? ');readin(en);
168
	 If not pregt5l then
1 69
	 begin
170	 write('Average strain rate? ');readin(srat)
171	 end;
172
	 datacali; k:=1; def:=0;
173
	 for l:=1 to nop(ntl do
1 74
	
if pregt5l then srat:=srate(il;
175
	 begin
1 76	 case (s-traintil>def)and(strain(i1<def+defo(kJ) of
1 77
	
true
178
	 begin
179
	
t: =tecnpt(kl+(stralnl I 1-defotkl )*(tecnpttk+1 1
1 80
	
temptiki )/(defo(k+1 1-defoiki);
181	 y:=aiphe*stress(l1;z:sinh(y);
182	 x: =exp( ln(srat*exp(qO/r*(1 /(tenptt 1 1+kel )-
183
	
1/(t+kei))))/en);x:=z/x;z:=aslnh(x);
1 84	 stresst II :=z/aipha
185	 end;
186	 false
187
	
If straintll>= def+defolkl then
188
	 def:def+defo(il;k:=k+1
189	 end
190	 end
191	 end;
192
1 93
	
begin
194	 dlscr:=piane;
195	 write ('aid data? '); readln (ch);
196	 pregl5l: =descicion(ch); pregt6i:=false;
197	 If pregt5l then
198	 begin
199	 nam:='r'; readlng(stress,strain,srate);
200	 write ('Temperature correction? '); readin (ch);
201	 preg(6]:=descicion(ch);
202	 write ('Friction coefficient? '); readin (fe);
203	 if fc > 0 then friction
204	 end else
205	 begin
206	 write('Thickness, breadth and tool width? ');readin(hO,bO,tw;
207	 write('Frlction and spread coefficients? ');readin(fc,sc);
208	 for 1 =1 -to noptnt do
209	 begin
210	 t:=hO-disp(i1; b:=bO*(1+sc_sc*sqrt(t/hO));
211	 f:=(psc*(b_tw)+tw)/b; straln(il:1n(hO/t)*f;
212	 stresstil:load(il*1000/(tW*b*f)
213	 end;
214	 If fe ' 0 then friction
215	 end;
216	 if pregt6l then tecnpcor
21 7	 end;
Lines 164 to 191.- The temperature correction is carried out in this
procedure, the Zener-Hollomon equation, lines 165 to 167, is used to
correct at the same time the variations in the strain rate. The temperature
increase for each point is found interpolating the values taken by the
procedure described in lines 141 to 154.
Lines 193 to 217.- Main body of the procedure used to calculate the
stress-strain curves under plane strain conditions. A decision is taken in
line 195. If the test was previously processed without the temperature or
the friction corrections, the data are reloaded from a file called
'RFILE', and only the required corrections are carried out, lines 199 to
203. If the test has not been processed, the testing geometry, as well as
the friction and spread coefficients are input, lines 206 and 207. The
stress-strain curve is calculated, lines 210 to 212, and the friction and
the temperature corrections are carried out.
218
	
procedure torsion;
219
	
const I =0.362;	 1=0.4343; s3=1.732;
220
	
var	 : integer; gl,gd,radm,tc,vang,vdef,a : real;
221
	
begin
222
	
dlscr:=-tor; radm:=pI/180;
223
	
write('Gauge length and diameter? ');readln(gl,gd);
224
	
write('Torque calibration? );readln(tc);a:=sqr(gd)*gd;
225
	
write('Angular velocity? ');readln (yang);
226
	
vdef: r l i*ln(l*vang*gd/(s3*gl));
227
	
for i:=1 to nop(nl-1 do
228
	
begin
229	 strain( Ih=radm*l*gd*disp( I1/(s3*gl);
230	 stress! I] : =1 2*tc* load! iJ*s3/( pI*a)
231
	
srate! I J:=vdef
232
	
end
233
	
end;
234
cice klc\rake;
236
	
var ch
	 char; i,J,l,p :integer; mm
	 real;
237
238	 procedure strrat;
239	 const k20.4343;
240	 var i,j,l : integer; sr : real;
241
	
begin
242
	
l:=1; write ('Frecuency7 '); readin (p);
243
	
for j:=1 to nt do
244
	
beg In
245
	
for i: = I+2 to max!J]-2 do
246
	
begin
247	 sr: = straln! 1+21-strain! 1-2];
248	 If (sr<=0) and ((i<>1 ) or (i<>2)) then
249	 srate[ll: = srateH-1 I
250	 else if 1 =1 then srate(il:=0.001
251	 else srate(l1:k2*ln(sr*p/5)
252	 end;
253	 sr: = sratel i+2];sra-1-ef I1: = sr;srate( 1+1 1:sr;
254	 sr : =srate I max tJ 1-2 1;
255
	
for i:=max!J1-1 to nop(J1 do sratetil:=sr;
256
	
I:nop!j]+1
257	 end
258	 end;
259
260	 procedure energy;
261	 var i,J,k,l,m : integer; int,ene,del,din : real;
262	 de : boolean;
Lines 218 to 233.- The stress-strain curve is obtained for the torsion
tests. The specimen geometry and the testing conditions are input.
Lines 235 and 236.- Heading of the procedure used to determine the
strain rate, temperature, energy and average stress an strain rate in the
tests.
Lines 238 to 258.- The strain rate for each point is calculated. The
values for strain for two points behind and two points ahead are
substracted and divided by the time interval of readings, line 251. The
beginning two points and the last two points of each deformation are taken
as the values of the third and the third to the last points respectively.
The values of strain rate in this part are reported as logarithmic.
Lines 260 tO 262.- Heading of the procedure used to determine the area
under the curve at each point, as well as the average stress and strain
rate for a set interval of strains.
	263
	 procedure origen;
	
264
	
var ko : Integer; te 	 boolean;
	
265
	 beg in
	
266
	 de:faise; te:true;
	
267
	
for ko:1 to 1+4 do
	
268
	
if (strainEko+11—straintkol) < 0 then te:faise;
	
269
	
if not te then i:1+5
	
270
	
end;
271
	
272
	
begin
	
273
	
:1; k:1; m:=0; Int:0; de:true;
	
274
	
defoti 1: =0; tecnpt(1 1:0; veiIlJ:=0;
	
275
	
write(' integral interval for mean stress? ');readin(dln);
	
276
	
for J:1 to nt do
	
277
	
begin
	
278
	
ene:0; i:1;
	
279
	
repeat
	
280
	
if (strainCil > int) and de then origen;
	
281
	
If strainti]>Int then
	
282
	
begin
	
283
	
if strain(i)<= int+d!n then
	
284
	
begin
	
285	 ene:=ene+ener(lJ; m:=m+1; i:i+1
	
286	 end else
	
287
	
begin
	
288
	
k:k+1 ;defo(k):s-fraintil;
	
289
	
del :defo(kl—defo(k-1 1;
	
290
	
if del<0 then tmpttkl:teffipt(k-1 I
	
291	 else ternpttkhene/del;ene:0;
	
292
	
if m=0 then veltkl:vel(k-1 I
	
293	 else veltkl:p*del/m;m:0;
	
294
	
if irrf+din<=straintmaxtjll then
	
295
	
int:int+dln
	
296	 else
	
297
	
lnt:stralntmax(J 11
	
298	 end
	
299	 end;
	
300	 until I < maxiji;
	
301
	
I :nop[J 1+1
	
302	 end;
	
303
	
jt:k
	
304	 end;
305
	
306	 procedure tefncor;
	
307	 const x140; c10.675; c2=0.125; c3 =0.0019; c4=5.781;
	
308	 var 1 : Integer; t : real;
	
309
	
begin
	
310
	
for i:1 to noptn-I-1 do
	
311
	
begin
	
312
	
t:tempt i1/xl;
	
313
	
tempt I 1:c1*temp[ I J_*sqrct)+c3*sqr(t)*t_c4
	
314	 end
	
315	 end;
Lines 263 to 270.- The origin correction, carried out in the way
indicated in the previous progam, might introduce strain oscillations, as
result of elastic effects, around zero. The origin of the energy related
parameters, and that of the curve, is taken to be as the first positive
value of strain after the oscillations.
Lines 272 to 304.- The energy for each point is calculated by means of
a trapezoidal integration. The interval of strains at which the average
stress is calculated in input, line 275. This calculation is not started
until the strain is greater than zero. The average stress is then
calculated as the sum of the energies for all the points in the interval of
interest, from zero, up to the nominal strain, and then divided by the
nominal strain.
Lines 306 to 315.- The millivolts recorded by the thermocouple
connected into the third channel in the PDP1O/11 are converted into degrees
Celsius by means of the equation in line 313.
31 6
	
beqin
317
	
if discr<>1or then strrat;
318	 enerti 1:=0;
319
	
for 1:2 to nopinti do
320	 ener( I 1:(slress( 1 1+stresst i-li )*(straint I 1-strain( 1-11)/2;
321	 write ('Energy table? ');readln (ch);
322
	
pregt7l:descicion(ch); If preg(71 then energy;
323
	
If dlscrplane then
324
	
begin
325	 write ('Temperature conversion? ');readln (ch);
326	 pregt8l :=descicion(ch);
327
	
If pregl8l then tecncor
328	 end
329
	
end;
330
331	 procedure printout
332	 const def = '
	 deformation '; x = ' '; y = '
333
	
tex='	 disp	 load	 temp	 stress	 strain';
334
	
texl='	 srate	 ener'; z =
335
	
tab='	 mean stress	 strain	 mean s-train rate';
336
	
var i,J,i : Integer;
337
	
beq I n
338
	
If pregl2l then
339
	
begin
340	 nam:='p'; naming; rewrl-fe(outflles,dfile);
341	 wrJtelnou-tfPPes,y,z,fesf,z); wrH-ein (ouI-fHes);
342	 wr ite in( outf lies ,tex,texl ); wr i-i-em (outfiles); I: =1;
343
	
for j: =1 to nt do
344	 begin
345	 wrltetn(outflies,def,J:1); for l:1 to nop(J1 do
346	 writeln(outfiies,y,disp(l]:8:3,x,load[1J:8:1,x,-f-emp(lJ:8:3,
347	 x,stresstil:8:3,x,straintij:8:4,x,sra-t-e(l):8:4,x,
348	 enerl il:8:3);
349	 I: 1 +nop U I
350	 end
351	 end;
352
	
if pregt7l then
353
	
begin
354	 writeln(outfiies);writeln(outfiles);
355	 writeln(ou-tfiies,tab);wrltein (outfiles);
356
	
J :1 ;wri-t-eln(outfi ies,def,J :1);
357
	
for i:=1 to Jt do
358
	
begin
359
	
if defoLil<strain(nopfJll then
360	 wrlteln(outflles,x,y,tempt(I1:9:4,x,y,defo(il:8:5,
361	 x,y,vel( il:8:5)
362	 else J:=J+1;wrltein(outfiles,def,J:1
363	 end
364	 end
365	 end;
Lines 316 to 329.- Main body of this general procedure. The strain
rate will be calculated in the way previously described for non-torsional
tests, lines 238 to 258. For plane strain tests, the temperature
conversion, for specimens tested with thermocouples, is carried out.
Lines 331 to 365.- Printout of the values calculated through the
program. The data are going to be printed in columnar form, in a file with
the name 'P FILE'. The values of average stress and strain intervals are
obtained at tlTe end of the file.
366	 procedure record! ng;
367	 var I,J : Integer;
368
	 begin
369
	 if preg(51 then nam:'f' else nam: = 'r'; naming;
370	 rewrite(outflles,dfile);
371	 write(outfiles,nt:4,' ');
372
	 for i:1 to nt do write(outflies,nop(il:4,' ');writein(outfiies);
373
	 for J:1 to 4 do
374
	 begin
375
	 for i: =1 to nopinti do
3 76
	 if I mod 10 = 0 then
377	 case j of
378
	
1	 writeln (outfiles,stress(i):7:2);
379
	
2	 writein (outfiies,strin(I1:7:4);
380
	
3	 writeln (outfiles,srate(i]:7:2);
381
	
4	 wrte?n (outfes,tp!)):7:4)
382	 end else
383	 case J of
384
	
1 : write (outfiles,stress(il:7:2,' I);
385
	
2 : write (outfiles,str&n(i1:7:4,' ');
386
	
3	 write (outfiles,srate(i):7:2,' ');
387
	
4 : write (ou-t-flies,temp[il:7:4,' ')
388	 end;
389	 writein (outflies)
390	 end;
391	 if roptnti mod 10 <> 0 then writeln (outfiies)
392	 end;
393
394	 begin
395	 repeat
396	 nam:'n'; re8dlng (load,disp,tecnp); pregl5l:faise;
397	 wrIte ('Axlsyimnetrlc, plane strain or torsion? ');
398	 readln (des); maxim;
399	 case des of
400	 axisymrnetrlc;
401	 pianestrain;
402	 torsion
403	 end;
404	 stra I nrate;
405	 for iJ: = 1 to 3 do
406	 begin
407	 case iJ of
408	 1 : write (consi);
409
	
2 : write (cons2);
410	 3	 write (cons3)
411	 end;
412	 read InC des ) pregi iJ 1: = desc ic ion( des)
413	 end;
414	 if pregtl I then recording;
415	 if preg(21 or pregl7l then printout;
416	 until pregt3]
41 7	 end.
Lines 366 to 392.- Recording of the calculated values to be processed
later. If the answer to the question in line 195 was affirmative, the
values of stress, strain, strain rate and temperature obtained will be
recorded under the 'F FILES name. If not, the data will be recorded under
'RFile'.	 -
Lines 394 to 417.- Main body. The
data are loaded from a file called
conditions, the different parts of the
to 403. As in the former cases,
negative answer is provided, line 416.
load, displacement and temperature
'FILE'. Depending on the deformation
program will be accessed, lines 397
the program will be repeated until a
Program Grafres (Input,output,dummy);
2
3
	
tyne arrb = 1 . .500; ses = 1 . .6;
4	 arra = array(arrbl of real;
5	 var preg	 array !sesl of boolean; simb	 array ti..31 of Integer;
6	 datos	 array (1..4,arrbj of real; nom : array tsesl of alfa;
7
	
dummy : text; arch,nomb : alfa; np,nd,lk : integer; ch : char;
	
8	 XS,ys,xp,yp : real;
	
9	 valuenorn= ('Stress	 ','Srate ','Temper ','Displ	 ',
	
10	 'Time	 '); simb = (43,42,172);
11
	
12
	
function desc (ch	 char) : boolean;
	
13
	
begin
	
'4	 case ch of
	
15
	
ly, , 'yl , ti I
	
desc:=true;
	
16
	
'N', 'r• ', '0' : desc:=false
	
17	 end
	
18	 end;
19
	
20	 Drocedure reading;
	
21	 var I,k
	 Integer;
	
22
	
beg I r
	
23	 reset (dummy,arch); read (dummy,i); k:=1;
	
24	 while k <> I do
	
25	 begin
	
26	 read (dummy,np); k:k+1
	
27	 end;
	
28	 readin (dummy,np);
	
29	 for k:=1 to nd do
	
30	 for l: =1 to np do
	
31	 if I mod 10 = 0 then readin (duniny,datos(k,I))
	
32	 else read (dummy,datosIk,il)
	
33	 end;
34
	
35	 procedure plotter;
	
36	 var dep,Irdep : ar-i-a; dlscr : (stress,strate,teniper);
	
37	 l,J	 integer; inlcio : boolean; xd,yd : real;
	
38	 procedure typecs (name:aifa;l:lnteger); ghost;
	
39	 procedure place (l,J:Irvteger); ghost;
	
40	 procedure ghfror CI:Integer); ghost;
	
41	 procedure ctrorl (x:reai); ghost;
	
42	 procedure redpen; ghost;
	
43	 procedure blkpen; ghost;
	
44	 procedure grnpen; ghost;
45
	
46	 procedure transform (kl,k2	 Integer);
	
47	 var I : Integer;
	
48	 begin
	
49	 for l:=1 to np do dep(IJ:datos(kl,lJ;
	
50	 if preg(51 then for i:1 to np do lndep(I1:l
	
51	 else for I:1 to np do indep(l1:datostk2,l1
	
52	 end;
1.4. Plotting Output (Program Grafres).
This program is a multiple purpose plotting program. The data can be
loaded from different files, and different graphs can be obtained.
Line 1.- Program heading.
Lines 3 to 10.- Declaration of global types and variables. The non-
standard value statement is used to initialize global variables.
Lines 12 to 18.- Function used to determine decisions.
Lines 20 to 33.- Procedure used to load the data to be plotted. The
data is stored in a two-dimensional array, in which the variables are kept
in columnar mode.
Lines 35 to 44.- Heading of the main plotting procedure.
Lines 46 to 52.- Definition of the arrays used to plot the graphs. The
values from the two-dimensional matrix are loaded into two one-dimensional
arrays or vectors.
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procedure marco;
const cosl='Maximum values for strain and stress? ';
cos2='Maxirnum value for strain? ';
cos3='Dlvistons for si-rain and stress axis? ';
cos4='Divlsions for strain axis? ';
cos5='Minimum and maximum values of temperature? ';
var x,y : real; i : integer;
procedure filnam (narne:aifa;i:In-teger); ghost;
procedure paper (i:integer); ghost;
procedure pspace (xl,x2,x3,x4:reai); ghost;
procedure cspace (xl,x2,x3,x4:real); ghost;
procedure map (xl,x2,x3,x4:reai); ghost;
procedure window (xl,x2,x3,x4:reai); ghost;
procedure scalsi (xl,x2:reai); ghost;
procedure qadrnt; ghost;
procedure border; ghost;
procedure frame; ghost;
begin
f lricio then
begin
i:1; x:=0; y:l; inicio:=faise;
paperCi); fitnam(nomb,8); ghfror( I);
cspace(x,y,x,y); qadrn-t-; pspace(0.13,0.87,0.38,0.94)
end else
begin
frame; blkpen
end;
case discr of
stress : begin
write(cosl); readln(xs,ys); wrlte(cos3);
readin(xd,yd); yp:=O; xp:0
end;
Strafe : begin
if not preg(21 then
begin
wrlte(cos2); readln(xs);
wrlte(cos4); readln(xd)
end;
yp: =-2; ys:=3; yd:1; xp:0
end;
temper : begin
if not preg(21 then
begin
write(cosl); readln(YS,xs)
write(cos3); readln(xd,yd)
end;
write(cos5); readln(yp, y s ) xp:0; yd:50
end
end;
Tnap(xp,xsypys); window(xp,xs,yp,y S) border; redpen;
scai si(xd,yd); xp:xp-xd; window(xp, xS ,YP,Y S) xp:xp+xd
end;
Lines 53 to 104.- Definition of the plotting space and frame drawing.
Two normal plots are considered, stress-strain and temperature-strain. In
the strain rate-strain curves, the strain rate is plotted logarithmically.
To plot different curves, lines 93 to 100 are used.
105
	 procedure axis (kl,k2	 integer);
106
	
var I,j : integer; x,y	 real;
107
	
begin
108
	
l:=55; j:3; place(l,J); typecs(nonib,6);
109
	
i:48; J:49; place (i,J); typecs(noni(k21,6;
110
	
i:=6; J:=28; x: =1; place(i,J); ctrorl(x);x:=-x;
111
	
typecs(nom[klJ,6); ctrorl(x); grnpen
112
	
end;
113
114
	
procedure infor;
115
	
const aIl='Stress-strain curve? ';
116
	
ai2='Strain rate-strain curve? ';
117
	
ai3='Teeperature-strin curve? ';
118
	
var I
	 Integer;
119
	
begin
120
	
for i:2 to 4 do
121
	
beg
 In
122
	
case I of
123
	
2 : write (all);
124
	
3 : write (a12);
125
	
4 : write (a13)
126	 end;
127
	
readln(ch); preglil:=desc(ch)
128	 end
129	 end;
130
131	 procedure dibuja;
132	 var i,j,k	 integer; x	 real;
133	 procedure ptplot(xx,yy:arra;I,J,k:lnteger); ghost;
134
	
begin
135	 case discr of
136	 stress	 k:1;
137	 strate :
738
	
temper : k:3
139	 end;
140
	
I :simb(kl;J : = 1 ;ptplot( Indep,dep,J ,np, I)
141	 end;
1 42
143	 procedure trans( i,J :lnteger);
144
	
begin
145
	
transform( I ,J); marco; axis(i,J); dibuja
146	 end;
Lines 105 to 112.- Procedure used to draw and write the axis in the
graphs.
Lines 114 to 129.- Decision of the graph required.
Lines 131 to 141.- Plotting of the desired graph.
Lines 143 to 146.- Procedure used only on the servotest related
analysis. The order of operations is given to obtain each plot.
147
	 begin
148
	
lniclo:=j-rue;
149	 write ('Is time the independan-t variable? ');
150	 readln (ch); preg(51:=desc(ch);
151
	
if preg(51 then
1 52
	 beg in
1 53	 write ('Number of the set? '); readlnCi);
1 54
	
transform(i,i); i:=6; J:5; dlscr:=temper;
1 55	 marco; axis(J,l);dibuJa
156	 end else
157
	 begin
1 58	 write ('Servotest analysIs? '); readln(ch);
159	 preg(61:=desc(ch);
160
	
If pregt6j then
1 61
	 begin
1 62
	
Infor; J:=2; If pregt2l then
1 63
	
begin
164
	
i:=1; dlscr:stress; trans(i,J)
1 65	 end;
1 66
	
if preg[3] then
167
	
begin
168
	
I:3; dlscr:strate; trans(i,J)
I 69	 end;
170
	
if pregE4l then
171
	
beg in
172
	
i:4; dlscr:tefllper; trans(i,J)
173	 end
1 74	 end else
175	 repeat
1 76	 write('independent variable (strain)? '); readln(j);
1 77	 write('Dependent variable (stress or temperature)? ');
178	 readlnLl); dlscr: =te'nper; fra,,s(J,));
write('Another curve? '); readln(ch);
180	 pregil 1:=desc(ch);
181	 until pregLil
1 82	 end
1 83	 end;
184
185	 procedure grend; ghost;
186
187
	
begin
1 88	 write('File name and number of variables? '); readin(arch,nd);
189	 ncnb(11:='g'; for Ik:=2 to 8 do ncmbElk1:archtik1;
190	 reading; plotter; grend
191	 end.
Lines 147 to 183.- Main body of the plotting procedure. The first
option is to plot any of the variables against time, this is done by
plotting the variable against its index, lines 149 to 156. The servotest
related analysis is the second option. The first graph to be plotted is the
stress-strain curve, then the strain rate-strain and the temperature-strain
curve at the end, lines 158 to 173. Any other sort of plot can be obtained,
lines 175 to 182.
Line 185.- End of the plotting output.
Lines 187 to 191.- Main body, the name of the file and the number of
variables recorded in it has to be given. Due to problems with plotting
routines, this program is not repeated, it has to be executed for every
curve.
S
PROORAM BASDAT
2
	
DIMENSIO4 IBASE(21),JBASE(10),KXVAL(21,40),KYVAL(21,40)
	
3
	 CHARACTER NOMBRE*15,FILES(10)*8
4
	
PRINT *,Nan*.e of file?
5
	
READ (*,1O) NOMBRE
6
	
10 F0IIAT (A15)
7
	
PRINT *,INumr of tests?
8
	
READ (*,*) NT
	
9
	
OPEN (8,FILE=NOMBRE,FORM=IFCRMATTED')
	
10
	
DO 100 KT=1,NT
	
11
	
PRINT *,ITest number?
	
12
	
READ (*,12) FILES(KT)
	
13
	
12 FORMAT (A8)
	
14
	
PRINT * 'Number of columns nd X rows?
	
15
	 READ (*,*) NX,M..
	
16
	
NY =2 1
	
17
	
OPEN (9,FILE'*1LES(KT),FORM'FORMATTED1)
	
18
	
DO 110 I1,lt
	19
	
READ (8,*) X,Y
20 110 IBASE(I)=INT(10*?)
	
21
	
DO 120 1=1,10
	
22
	
READ (8,*) X,Y
23 120 JBASE(i)=INT(100x)
	
24
	
DO 130 J=1,NX
	
25
	
DO 130 I=1,NY
	
26
	
READ (8,*) X,Y
	
27
	
KX VAL C I, J )= INT (10X )
28 130 KYVAL(l,J)=INT(10*Y)
	
29
	
NY=NL
	
30
	
WRITE (9,20) NX,NY
	
31
	
WRITE (9,14) (IBASE(I),11,NY)
)7 SY2 J&sw),1=r,N..)
	
33
	
WRITE (9,18) ((KXVALCJ,J),KYVALU,J),)=1,NY),i=i,AX)
	
34
	
14 FORMAT (1516)
	
35
	
18 FORMAT (1416)
36 20 FORMAT (316)
37 100 CLOSE (9)
	
38
	
CLOSE (8)
	
39
	
CALL EXIT
	
40
	
END
Appendix 2
Strain Distribution Analysis Under Plane Strain Conditions.
The coordinates of the nodes in the gridded specimens are digitised
with the aid of a Coniiiodore PET, desk top computer, available in the
Department of Geography. The data recorded on a cassette tape are loaded
into the PR1ME75O computer.
2.1. Numerical compatibility (PROGRAM BASDAT).
In PASCAL fractional number is defined to start with '0'. In BASIC,
All the fractions are written without the '0'. This program was written in
FORTRAN77, in order to read the data from the digitasing program and
convert them into data accesible by PASCAL.
Lines 1 to 3.- Program heading and dimensioning of variables.
Lines 4 to 9.- Identification of the file that contains the digitised
data.
Lines 10 to 28.- Loading of the data. Those numbers are read with free
foniat . Different files are opened in order to record the data from each
test, line 17.
Lines 30 to 36.- Recording the data in the new files.
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
:39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
Program Straindist (input,output,Inflle,outflie);
type cuar	 1..40; y in = 1..21; cm	 1..11; dos
puntos	 array (vin,cuarl of Integer;
ords = array tvin,cuar,dosl of Integer;
grids = array tvin,cuarl of real;
nomb = packed array (i..191 of char;
var def,undef	 coords; euno,edos,eundos,edlI,etot 	 grids;
preg	 array (cmi of boolean; des	 char;
InfIle,oul-fIIe	 text; rlIie,tltle 	 alfa; titulo	 nomb;
nx,ny,mt	 Integer; rnean,stand 	 real;
freq	 array (cmi of integer;
function clef-tot (el,e2,e12:real) : real;
const dter - 0.6667;
beg in
deftot:dter*sqrt(sqr(e1 )-ei *e2+sqrce2)+3*sqr(e12))
end;
function desc (ch : char) : boolean;
begin
case ch of
"1'' '" 'P : desc:true;, IJ
desc:false
end
end;
procedure reading;
var I,j,k,I,rn,n	 integer;
procedure readdef;
var 1,J,1,m,n : Integer;
begin
:1; for J:1 to nx do
begin
for I:1 to ny do
beg In
if I mod 7 0 then readln(infiie,m,n)
else read(infiIe,m,n); I:=l+1;
deft 1,J,11:=m; def(I,J,2J:n
end
end
end;
begin
reset(inflie,title); readln( mnfIIe,nx,ny);
for I:1 to ny do
begin
If (I mod 15 = 0) or (I	 ny) then
readln(lnfile,n) else read(Infile,n);
for J:=1 to nx do undeftl,J,21:n
end;
for i:1 -to nx do
begin
if (1 mod 15 = 0) or (I
	 nx) then readln(infiie,m)
else read(infile,m);
2.2. Strain Distribution (Program Straindist).
In this program, the analysis of the grid is carried out assuming the
niodel proposed by Beynon (1979).
Line 1.- Program heading.
Lines 3 to 12.- Declaration of global types and variables.
Lines 14 to 18.- Calculation of the strain in each element assuming
plane strain conditions.
Lines 20 to 26.- Function used to determine outcome from decisions.
Lines 28 and 29.- Heading of the procedure used to read the
coordinates of the deformed and undeformed specimens.
Lines 31 to 43.- Procedure used to read the coordinates of the nodes
in the deformed specimen.
Lines 45 to 60.- Reading or the undeformed coordinates. Those are
input as two orthogonal vectors, assuming that the values keep constant
within the specimen.
.
57
	
for j:1 to ny do undeftJ,l,11:m
58
	
end;
59
	
readdef
60
	
erd;
61
62
	
procedure deformation;
63
	
const medpl = 1.5708;
64
	
var 1,j : Integer; coa,cob,oba : real;
65
	
xway : array tcuarl of real; yway : array tvin) of real;
66
67
	
function norma (ki,Ii,k2,l2:inl-eger;arrc:coords) : real;
68
	
vr m	 Integer; xx : array (dosi of real;
69
	
begin
70
	
for m:1 to 2 do
71
	
xx(ml: =sqr(arrctk2, 12,m)-arrc(ki, li,mfl;
72
	
rorma:=sqrt(xxtl 1+xx(21)
73	 erd;
74
75
	
function escal (i,k:lnteger) : real;
76
	
var xx : array (dos,dosl of real; n,m 	 Integer;
77
	
begin
78
	
for m:1 to 2 do
79
	
for n:1 to 2 do
80	 case m of
81
	
xx(m,nl:def(l,k,nI-def(l+1,k,nl;
82
	
2 : xx(m,nl:deftl,k,nl-def(l,k+1,nI;
83
	
end;
84	 escal :xx(1,1)*xx(1,2)+xx[2,1 1*xx[2,21
85	 end;
86
87	 procedure cuadrs (l,m : integer);
88
	
begin
89	 cob:norma(l,m,l+1,m,def);
90	 coa:norma( I ,m, I ,m+1 ,def);
91	 oba: =escal (I ,m)/(cob*coa)
92	 end;
93
g4	 begin
95
	
for i:1 to nx-1 do xwayti):norma(1,i,1, 1+1 ,undef);
96
	
for i: =1 tony-i doyway(i1:norma(i,1,i+1,i,undef);
97
	
for J:i to ny-i do
98
	
for i:=i to nx-1 do
99
	
begin
1 00	 cuadrs(J,l);
101	 eunoLJ, I 1: = ln(cob/yway(J] );
102	 edos(J,lI:=ln(coa/xway( II);
103
	
if abs(oba) > 1 then
104
	
if oba > 1 then oba:1 else oba:=-1;
105	 eundos(J, lJ:medpi-arccos(oba);
1 06	 edil(J,IJ:=eunotJ,I1+edos(J,IJ;
107	 etot(J, I] :=def-fot(eunotJ, Ii ,edos!J, ii ,eundostJ ,i1)
1 08
	
end
109	 end;
Lines 62 to 109.- Procedure employed in the strain calculations. The
distance between the nodes in the undeformed, lines 95 and 96, and in the
deformed, procedure in lines 87 to 92, are calculated. It is assumed that
the deformation is homogeneous and under perfect plane strain conditions.
The different components of strain are calculated with the aid of the model
proposed by Beynon (1979), lines 101 to 106. It is assumed that the node
moves from the original undeformed position to the final one along a
straight line. The total strain is calculated with the aid of von Misses
criterion, line 107.
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137
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141
142
143
144
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1 65
procedure pr I rrtout;
const e = t******; d = ' '; c =
	 I.
var i,j,k,kn : integer; xref : real;
procedure prints (arra : grids);
var vas : packed array ( y in) of char;
l,J,k : integer;
function values (k:integer;x:real) 	 char;
var m : integer;
begin
case k of
if x < 0 then values:=' ' else values: = ' ';
3
2,4,5 : begin
if k = 4 then x:=10*(x_1runc(x));
if k = 5 then
begin
x:=10*(x_trunc(x));
x:=10*(x_trunc(x)); x:=round(x)
end;
m:abs(trunc(x)); values:=chr(m+1 76)
end
end
end;
begin
writein(ou-tfiie,c,titulo);writein(outfi ie);
if preglll then wrltein(outfIIe,e,e,e,e,e,e,*****)
else writeln(outfiie,e,e,e,e,e,e,e,e,e,e,e,e,e t***).
for J: =1 to nx-1 do
begin
for k:1 to 5 do
begin
write(outfiie ',	 I
for i:1 to ny-i do
vas[iJ:values(k,arra(I,J1);
for i:1 to ny-2 do
wrlte(outfile,vastil,' *
writeln(outfiie,vastny-i ),
	 ')
end;
if pregill then wrltein(outfile,e,e,e,e,e,e,l*****I)
eise
end;
wr)te)n(outf) )e)
end;
procedure pr i ntstats;
const I = '
	 '; v= '
	 I';
=q
var i,J,k : integer; xl,x2,x3 : real;
begin
writein(outflte,c,'Statistical distribution'); x3:=0.09;
writeln(outflle); writeln(outflle,q,'Frequency');
wrlteln(outfiie,q,d,l,i,I,I,I,l,l, I); wrlteln(outflie,v);
for i:1 to 11 do
Lines 110 to 112.- Heading of the procedure employed to obtain the
general printout.
Lines 114 to 134.- Function used to determine the character needed in
each printing space. Due to the size of the specimens, the numbers are not
printed in horizontal way, but vertical.
Lines 157 to 184.- Printout of the statistical distribution. Eleven
strain intervals are selected and a mark is placed in the corresponding
interval for each deformed element.
1 66
	
begin
167
	
k:freq[ ii;
168
	
if ( =1 ) or (1=11) then
1 69
	
begin
170
	
write(outflle,c,d,d);
171
	
if 1=1 then write(outflie,'<= 0.09 I');
172
	
if 1 =11 then wrlte(outfile,'>= 1.00 ')
173
	
end else
1 74
	
begin
175
	
xi:=(l-l)/iO; x2:=xl+x3;
1 76
	
wrlte(outfile,c,xl:4:2,' - ',x2:4:2,' I')
1 77
	
end;
178
	
If k <> 0 then for J:=1 to k do write(outfile,*);
wrltelnCoutfile); wrlteln(outflle,v)
180
	
end;
1 81	 wrlteln(outflle,q,d,l,i,i,I,l,i,i, I); wrlteln(outflle);
182	 wrteln(outflle,c,'Average = ',mean:4:3);
1 83	 wrlteln(outfile,c,'Standard deviation = ',stand:4:3)
184	 er d;
185
186
	
bea in
187	 rflie[11:='o'; rewrlte(outflle,rfiIe); writeinCoutfile);
1 88	 wrlteln(outflle,c,e,d,tltle,e);wrltein(ou-ff lie);
1 89
	
If preg(31 then
190
	
begin
191	 wrlte('AIl the data? '); read!n(des); preg(21:=desc(des);
1 92
	
If preg(21 then kn:5 else kn:=1;
193
	
for ic:1 to kn do
194	 case k of
195
	
1 : begin
196	 tltulo:='Totai strain 	 '; prints(etot)
197	 end;
198
	
2 : begin
199	 tltulo:='Horizontat strain '; prints(edos)
200	 end;
201
	
3 : begin
202	 f11ulo:='Yerf1ca1 sfrafn	 '; prñi#s(ewio/
203
	
end;
204
	
4 : begin
205	 tituio:='Shear strain	 '; prirrt-s(eundos)
206	 end;
207
	
5 : begin
208	 titulo:='Diiatationai strain'; prints(edil)
209	 end
210	 end
211	 end;
212	 write ('Real final deformation? '); readin (xref);
213
	
if xref <> 0 then
214
	
begin
215
	
for i:=1 -to ny-i do for J:1 to nx-1 do
216	 edil I i,J1: =e-totl i,J1/xref; prints(edi I)
21 7
	
end;
218
	
if pregt9l then printstats
219	 end;
Lines 186 to 219.- Main body of the printing procedure. IJifferent
tables will be printed, one for the total strain, and one for each
component of strain, if desired, lines 191 to 210. If given the strain
achieved by the specimen, the ratio of the total elemental strain over the
final strain will be calculated for each element, lines 212 to 217. The
output of the statistical distribution is optional, line 218.
220	 procedure s-fats;
221	 var l,J,k,i,it,fl	 integer; xi,x2,x3 : real;
222
	 begin
223	 write('First element under the tools? '); readln(lt);
224
	
if not pregill then
225
	 begin
226	 wrlte('Last element under the tools? '); readln(f))
227	 end else fl:nx-1;
228
	
for I:=i to 11 do freq(ii:=0;
229
	
k:=0; xl:0; x2:0;
230
	
for I:=1 to ny-i do
231
	 for J: r it to fi do
232
	 begin
233	 x3:etotti,J);
234	 xl:x1+x3; x2:x2+sqr(x3); k:=k+i;
235
	
I : =trunc(l 0*x3);
236
	
if I >r
 10 then I:=10;
237	 freq( 1+1 1:freq[ 1+1 1+1
238	 end;
239	 rnear:=xl/k; stand:=sqr-i-((x2-sqr(xi )/k)/(k-1 ))
240	 end;
241
242	 procedure promedio;
243	 var l,j,mx,my,ns : Integer;
244
245	 procedure average (arra
	
grids);
246	 var i,J,k : integer;
247
	
begin
248	 for i: = i to nx-i do
249	 for j: =1 to my-i do
250	 arrafJ,l1:=(arratJ,I1+arrainy-J,lfl/2;
251	 if preg(31 then
252
	
begin
253	 for i:1 to my-i do
254	 for J:=ns to mx-i do
255	 arra[i,JJ:=(arrati,J1+arra(i,nx-J+ns-11)/2
256	 end
257	 end;
Lines 220 to 240.- The statistical analysis can be carried out with
any number of elements, it is only necessary to indicate the first and last
elements under the tools, lines 223 to 227. The mean strain and the
standard deviation are calculated, line 239.
Lines 242 and 243.- Heading of the procedure used to take the average
over a quadrant of the specimen.
Lines 245 to 257.- Average of the strain values assuming specular
syniiietry with respect to the centre planes.
258
	
procedure avcord;
259
	
var ,J,k,l : integer;
260
261
	
function promd (T,J
	 Integer) : Integer;
262
	
begin
263
	
promd:=(abs( I)+abs(J ) )dlv(2)
264
	
end;
265
266
	
begin
267
	
for i:1 -to nx do
268
	
for j:1 to my-i do
269
	
for k:=i -to 2 do
270
	
deftJ,i,kh=promd(deftJ,I,kJ,defrny-J+1,l,kJ);
271
	
If preg(31 then
272
	
begin
273
	
for l:=1 to my do
2 74
	
for J:=ns to mx-1 do for k:1 to 2 do
275
	
deft i,J ,k] : =promd( deft I,J ,kl, deft I, nx-j +ns ,kl)
2 76
	
for J:=1 to ns-1 do def[my,J,11:=abs(deftmy,J,1J);
277
	
for j: =ns to mx-1 do
278
	
deftmy,J,1 1:prand(deftmy,J,1 1,deftmy,nx-J+ns,1 1);
2
	
k:2def1rny-T,T,21-def1my-2, 1,21;
280
	
for l:1 to mx do deflmy,I,21:=k;
281	 end
282	 end;
283
284
	
begin
285	 wrlte('PiaIn strain? '); readin(des);
286	 pregt3l: = desc(des); If pregt3l then
287
	
beg in
288	 wrlte('Mlddie column? '); readln(mx); ns:=nx_2*(nx_mx)
289	 end else
290
	
begin
291	 mx:nx; ns:1
292	 end;
293	 write('MIddie row? '); readin(my);
294
	
for I:=1 to 4 do
295	 case I of
296
	
1 : average (etot);
297
	
2 : average (edos);
298
	
3 : average (euno);
299
	
4	 average (eundos)
300	 end;
301	 avcord; nx: =mx; ny:=my;
302
	
for I:1 to ny-i do
303
	
for j:1 to nx-1 do
304
	
begin
305	 etot[l,J1:=(deftot(euno[i,J1,edos[I,JJ,eundostl,Ji)+
306	 etot(I,J1)/2;
307	 ed!I[l,J1:=euno(J,J1+edosti,j)
308	 end
309	 end;
Lines 258 to 282.- Average of the coordinates assuming specular
symmetry.
Lines 284 to 309.- Main body of the averaging procedure. The program
is designed to take into account the syrTnetry of rolling, in which the
specular plane is along the roll ing direction. For the case of plane
strain, the option is defined between lines 285 to 289, two specular
planes, dividing the grid into four, are taken into account. The strain
components are averaged in lines 294 to 300, and the coordinates in line
301. The resultant total average strain, and the corresponding dilatational
strain, are calculated in lines 304 to 308.
310
	
procedure plotting;
311
	
type pit = array Ecuarl of real;
312
	
var xpi,ypl : pit; i,J,k,I : integer; yl,y2,y3,y4 : real;
313
	 procedure filnam (rom:alfa;i:lnteger); ghost;
314	 procedure pcscen (xl,x2:reai;nom:alfa;I:lnteger); ghost;
315
	
orocedure paper (i:lnteger); ghost;
316
	
procedure hrdchr (l:integer); ghost;
31 7
	
procedure ghfror (i:integer); ghost;
318
	 procedure ptplot (xx,yy:plt;l,J,k:lnteger); ghost;
319
	
procedure curveo (xx,yy:plt;l,J :integer); ghost;
320
	 procedure pspace (xl,x2,x3,x4:real); ghost;
321
	 procedure map (xI,x2,x3,x4:reai); ghost;
322
	 procedure erase; ghost;
323
	
procedure border; ghost;
324
	
procedure blkpen; ghost;
325
	
procedure redpen; ghost;
326	 orocedure grnpen; ghost;
327
	
procedure picnow; ghost;
328
329
	
procedure piotdef;
330
	
var l,J,k,l,m : Integer;
331
	
procedure piotni (xl,x2:real;l:integer); ghost;
332
	
begin
333
	
redpen;
334
	
for i:=1 to nx-1 do
335
	
for J:=1 to ny-I do
336
	
beg In
337
	
k:(deftj+1,i+1,1]+def(J,l,11) dlv 2;
338
	
I : = (def (J+1 , I+1,2]+deftJ, 1,2]) dlv 2;
339	 m:=round(100*etot[J,iI);
340	 piotni (k, I ,m)
341	 er d
342	 end;
343
344	 procedure cuadrs;
345	 const a0.028; b=0.11 ; c0.138;
346	 var I
	
integer; d,e,f	 real;
347
	
begin
348
	
blkpen; f:0.82
349
	
for I:1 to 11 do
350
	
begin
351	 e:f; d:ea f:d-a;
352	 pspace(b,c,d,e ) border
353	 end
354	 end;
355
356
	
begin
357
	
If mt = 1 then
358
	
begin
359	 paperCi); rfile(iI:'g'; filnam(rflle,8);
360	 write('Definitive?	 ); readln(des);
361	 pregL7]:=desc(des); ghfror(1
362	 end;
363	 pspace (0 . 04, 0. 966, 0. 33, 0. 886);
364
	
If preg(71 then
365
	
begin
Lines 310 to 327.- Heading of the main procedure used to obtain the
graphic output. The external graphical procedures are from the GHOST
library.
Lines 329 to 342.- The value of the total strain will be drawn in the
centre of each element, if desired.
Lines 344 to 354.- Drawing of small squares along the final plot.
366
	
yi:0.19; y2: =O.653; ghfror(0);
367
	
case (mt)mod(3) of
368
	
0	 begin
369
	
y3: =O.OSG; y4:O.334; cuadrs
370
	
end;
371
	
1 : begin
372
	
y3:O.722; y4:l
373
	
en d;
3 74
	
2 : begin
375
	
y3: =O.39; y4:=O.668
3 76
	
end
3 77
	
end;
378
	
pspace(yi ,y2,y3,y4);
379
	
end;
380
	
if pregtl) 1-hen map(-50,1200,-50, 700)
381
	
else map(-)250,)250,-750, 750);
382
	
If preg(71 then
383
	
beg in
384
	
If (mt-i )mod(3) = 0 then erase;
385
	
end else erase;
386
	
blkpen; border; hrdchr(1 ); pcscen(50,600,tltle,8); redpen;
387
	
for l:1 -to fly do
388
	
for j:1 to nx do
389
	
begin
390
	
xpl [j ):def( i,J,i 1; ypl !J1 : = deft I,J ,21
391	 end;
392
	
ptpiot(xpi ,ypI ,1 ,nx,42);
393
	
gr/pe,; for 3: =1 to i>x do
394
	
for j:1 to ny do
395
	
begin
396
	
xpl(J1:def(J,i,1 I; ypl(J]:deftJ,i,21
397
	
end;
398
	
curveo(xoi,ypi,i,ny);
399
	
for l:1 to ny do
400
	
for J:1 to nx do
401
	
begin
402
	
xpi[jl:def( i,j,1 I; ypltJl:defl l,J,21
403	 er d;
404	 curveo(xpl,ypt,l,nx);
405	 plcnow;
406	 write('Do you want 1-he strain values on 1-he plot? ');
407	 readln(des); pregt8i:=desc(des); if pregl8l then plotdef
408	 end;
409
410	 procedure grend; ghost;
Lines 356 to 408.- Main body of the drawing procedure. Different sizes
of plots are considered. For the case of the whole specimen, the space is
defined in lines 364 and 381. For the small final specimens, the space is
defined between lines 366 to 380. The nodal points are plotted, lines 387
to 392, and contouring routines are adjusted through them to determine the
border between contiguous elements, lines 393 to 495. The annotation of the
strain values is optional, lines 406 and 407.
Line 410.- Procedure used to end the graphical output.
411
	 begin
412	 nrf:=1
413	 repeal-
414
	 write('Test number? '); readinCtil-le); rflieL2l:='';
415
	 for nx:=1 to 6 do rfiie(nx+2):=title(nxl; reading;
416
	 deformation;
41 7
	
write('Quadrant average? I); readin(des);
418	 pregtl 1:desc(des);
419
	 U preg(11 then promedlo;
420	 plotting;
421
	
write ('Statistical analysis? '); readln(des);
422	 preg(9):desc(des);
423
	 if preg(91 then stats;
424	 write('Do you want the strain values? '); readin(des);
425	 preg(31:desc(des);
426
	 if preg(31 then printout;
427	 wrlte('Finish? '); readln(des);
428	 preg(51:desc(des); mt:nrt-fl ;
429	 until pregt5l;
430	 grend
431	 end.
Lines 411 to 431.- Main body of the program. As in the programs
described in the former appendix, the execution is repeated until a
negative answer is provided, lines 427 to 429. The file containing the data
from the undeformed and from the deformed grids is provided, lines 414 to
415. For each specimen, the deformation values will be calculated, if
required averaged, and then the printed and graphical output will be
carried out.
.
Appendix 3
Correction of the Average Strain by Lateral Spreding.
In order to compare the nominal strain, obtained form the stress-strain
curve calculated with the programs in appendix 1, and the average strain,
obtained from the programs in appendix 2, an allowance has to be made for the
non-perfect plane strain compression conditions in the second case.
Expressing the deformation of an element in terms of principal strains, the
condition of zero dilatation is given by
+	 +	 = 0
	
(A3.1)
Under perfect plane strain compression E 2 = 0 and
= -E1	(A3.2)
In the present case, E 2 is not zero, and is defined as
= ln(b/b 0 )	 (A3.3)
where b and b0 are the final and initial breadth of the specimen respectively.
The other two components are defined as
= ln(h/h0)
and
	
	 (A3.4)
= 
-CE 1 +E2)
With (A3.3) and (A3.4), the effective strain, Eef can be calculated as
Eef = 
32	
- E2) ^
	 2 - E) + CE 3 -	 (A3.5)
The calculation of the strain components in the grids were carried out assuming
€2 =0, in this case, an apparent strain, Eap is calculated as
Eap = •+ Li
	 (A3.6)
The correction of the average strain, E, is obtained by
=	
- Lap - Lef)	 (A3.7)
where E is the corrected final value.
Table I
Chemical composition of the steels employed.
El ement
	
Ti bearing steel
	
AISI 316 SS
C
Cr
Ni
Mo
Mn
Si
Ti
Al
N
Accuracy	 Method
*	 *0.12
<0.02
<0.02
<0.02
1.30
0.14
0.06
0.028
0.015
0.024
16.70
12.20
2.63
1.50
0.29
± 0.02
± 0.02
± 0.02
± 0.02
± 0.02
± 0.01
± 0.003
± 0.001
Qua ntometer
Quantometer
Quantometer
Quantometer
Qua ntometer
Quantometer
Quantometer
Chemical
All values are in percent
* in Ti bearing steel, the C was analysed by conductimetric means
giving an accuracy of± 0.01%, in the stainless steel, Leco equipment was
used giving an accuracy of± 0.001%.
0
(MN/rn2)
201
285
391
212
274
353
200
253
446
212
212
285
193
253
249
172
210
311
412
176
239
220
280
397
163
214
216
289
404
Table II
Rolling data from AISI type 316 stainless steel.
Schedule	 Pass	 t	 w	 r	 RoT	 ReT	 Load
(mm)	 (mm)	 (%)	 (C)	 (C)	 (kN)
1	 19.01	 52.62	 25.2	 1094	 1167	 220
i	 2	 14.16	 53.61	 25.5	 992	 ----	 285
3	 10.56	 53.70	 25.4	 914	 ----	 356
1	 18.95	 52.75	 25.7	 1100	 1160	 235
i	 2	 14.12	 53.94	 25.5	 999	 ----	 276
3	 10.49	 54.26	 25.7	 914	 ----	 327
1	 18.82	 52.35	 26.2	 1084	 1152	 222
	
i	 2	 14.02	 53.10	 25.5	 1012	 253
3	 10.34	 53.57	 26.2	 936	 ----	 407
1	 19.03	 52.16	 25.4	 1106	 1152	 219
	
ii	 2	 14.22	 53.77	 25.3	 1077	 1164	 218
3	 10.21	 54.33	 27.7	 990	 ----	 269
1	 19.10	 53.68	 25.1	 1117	 1170	 210
	
iii	 2	 14.30	 55.07	 25.1	 MR	 ----	 265
3	 10.21	 57.56	 28.6	 1051	 1157	 263
1	 19.05	 53.07	 25.0	 1143	 1198	 183
	
iv	 2	 14.29	 53.51	 25.0	 MR	 1201	 203
3	 10.72	 53.83	 25.0	 MR	 265
4	 8.02	 54.13	 25.0	 MR	 ----	 305
1	 18.91	 53.62	 25.8	 1142	 1197	 193
2	 13.90	 54.15	 26.5	 1012	 ----	 247
	
v	 3	 10.22	 54.52	 26.5	 1090	 1204	 206
4	 7.51	 54.78	 26.5	 973	 ----	 239
5	 5.57	 55.30	 25.8	 NR	 ----	 307
1	 18.91	 53.21	 25.8	 1130	 1190	 183
2	 13.90	 53.74	 26.5	 1037	 ----	 221
	
v	 3	 10.22	 54.11	 26.5	 1091	 1197	 202
4	 7.51	 54.37	 26.5	 954	 ----	 246
5	 5.57	 54.48	 25.8	 833	 307
t = thickness.
w = width.
r = reduction.
RoT = rolling temperature.
ReT = reheating temperature.
o = mean stress.
MR = not recorded.
904 910
910
910
910
1006
1006
905
1008
1010
1095
1194
1006
1006
905
1008
18.9 ± 1.8
29.6 ± 2.4
59.3 ± 2.6
158.4 ± 4.1
30.9 ± 1.7
31.7 ± 2.0
30.2 ± 1.5
42.9 ± 1.9
1
1
1
1
iv
V
torsion
torsion
Table III
Initial grain size for AISI 316 stainless steel.
Roll ing
	
Preheati ng
	
Testing
	
Grain
Schedule
	
Temperature
	
Temperature
	
Size
Temperature in degrees Celsius, grain size in jim.
Table IV
Results frcsn stress-strain tests In Ti bearing steel.
Isec
0.55
1.09
5 • 20
7.50
10.80
13.30
1 6.20
27.20
38.70
50.20
5.13
10.60
1 5.60
47. 1 0
5 • 35
10.90
16.10
27.00
38 • 20
49.00
Test	 Type	 T	 h	 b	 bf
	
ICI	 Emm°J	 (m1	 (mml
RCO54	 AS	 889	 9.94	 6.98	 3.10
RCO55	 AS	 889	 10.06	 6.97	 3.91
RCO5O	 AS	 889	 9.90	 7.02	 5.75
RCO57	 AS	 889	 10.12	 7.00	 5.54
RCO5I	 AS	 889	 10.12	 6.98	 5.54
RCO58	 AS	 889	 9.96	 6.98	 3.13
RCO59	 AS	 889	 9.95	 7.06	 3.05
RCO53	 AS	 889	 9.96	 7.03	 5.22
RCO6O	 AS	 889	 10.00	 7.01	 2.81
RCO52	 AS	 889	 9.90	 7.07	 4.77
RC069	 PS	 992	 10.09	 50.00	 2.28
RCO7O	 PS	 992	 10.02	 50.10	 2.16
RCO7I	 PS	 992	 9.99	 50.10	 2.16
RC072	 PS	 992	 10.11	 50.10	 2.07
RC063	 AS	 992	 10.01	 7.04	 3.59
RC064	 AS	 992	 9.82	 6.95	 3.42
RC065	 AS	 992	 9.99	 6.97	 3.57
RC066	 AS	 992	 9.91	 7.08	 3.39
RC067	 AS	 992	 9.96	 6.99	 3.39
RC068	 AS	 992	 9.95	 7.06	 3.39
0.311
0.352
0.423
0.439
0.480
0.52 6
0 • 526
0.500
0.469
0.439
0.316
0.323
0.281
0.259
0.374
0.418
0.393
0.388
0.383
0.3 81
o p2
[MN/rn I
1 59
1 84
215
227
233
236
250
256
281
291
1 53
162
170
211
1 74
186
191
208
219
235
I Temperature.
PS = Plane strain.
AS = Axisymmetric.
h = initial thickness in plane strain or height in axisymrnetric tests.
b = Initial width in plane strain or diameter in axisymrnetric tests.
h f
 = Final thickness in plane strain or height In axixymme-tric tests.
E = Nominal strain rate.
E = Strain to peak stress.
o = Peak stress.
p
238
257
266
279
285
287
291
305
330
1 91
236
245
258
282
287
320
1 89
210
232
250
259
274
285
296
313
1 91
205
210
215
221
224
228
240
253
203
215
210
214
226
254
282
1 77
200
208
218
221
226
243
246
252
224
240
251
267
272
277
285
300
327
1 98
221
229
239
266
280
313
1 65
195
212
235
243
252
268
288
307
0.348
0.359
0.353
0.348
0.343
0 • 328
0.289
0.239
0.189
0.348
0 • 369
0.368
0 • 338
0.33 1
0.313
0.2 14
0.363
0 • 393
0.418
0.423
0.42 8
0.408
0.378
0.264
0.219
Table V
Stress strain data lrcxn plane strain ccmpresslon tests in AISI type 316 stainless steel.
	
Test	 b	 b	 t	
-f0	 f	 o	 f
[ml	 (ml	 (ml	 [ml
	
RC095	 49.90	 61.18	 10.92	 2.18
	
RC096	 50.00	 60.58	 10.97	 2.29
	
RC097	 50.10	 60.45	 11.01	 2.32
	
RC098	 50.00	 59.28	 10.91	 2.26
	
RC099	 49.90	 59.13	 11.04	 2.31
	
RCOIO2	 54.14	 63.61	 10.66	 1.98
	
RCO1O3	 53.88	 63.56	 10.66	 1.95
	
RCO1O4	 54.54	 63.95	 10.73	 3.06
	
RCO1O5	 49.90	 53.50	 10.94	 2.17
E
[sec 1
 I
0.533
1 .075
2.144
5 • 295
8.043
10.91
1 6.16
26.61
47.40
0
p
(MN/rn2
 I
254
269
282
296
300
307
313
322
343
0S
[MN/rn2
 I
1 93
205
210
214
21 7
228
233
243
252
0015
(MN/rn2)
238
253
268
288
293
296
305
320
340
E
p
0.3 18
0.323
0.328
0.338
0.299
0.328
0.308
0.259
0.219
RCO1O6	 49.90	 60.23	 10.99	 2.22
RCO1O7	 50.00	 60.09	 11.04	 2.33
R00108	 50.00	 59.98	 15.01	 2.24
RCOIO9	 50.00	 59.64	 10.94	 2.25
RCO11O	 54.38	 64.10	 10.82	 2.16
RCOI11	 53.67	 63.51	 10.77	 2.12
RCOI12	 53.97	 63.16	 10.80	 2.14
RCO113	 54.55	 63.32	 10.75	 2.03
RCO114	 50.00	 58.13	 10.90	 2.10
RCO279	 55.17	 60.69	 10.92	 4.80
RCO280	 54.95	 61.72	 10.93	 4.09
RCO119	 54.37	 64.60	 10.79	 2.19
RCO115	 54.96	 64.09	 10.85	 2.19
RCOI17	 53.96	 63.27	 10.78	 2.08
RCO118	 54.31	 63.52	 10.74	 2.06
RCO282	 55.09	 61.24	 10.96	 3.71
RCO283	 64.82	 62.09	 10.95	 3.71
RCO284	 56.13	 62.50	 11.00	 3.76
RC0121	 50.00	 60.50	 10.99	 2.40
RC0125	 53.71	 63.96	 10.72	 2.34
RC0126	 54.18	 63.25	 10.68	 2.13
RC0127	 54.73	 63.42	 10.74	 2.24
RC0129	 54.22	 63.35	 10.76	 2.22
RC0122	 50.00	 58.96	 10.97 2.30
RC0123	 50.10	 58.51	 11.01	 2.27
0.543
1 .078
2.102
5.272
7.944
10.55
1 5.86
24.19
47.70
0.175
0.482
1.109
2.182
11.15
1 6.49
46.58
0.091
0.177
0.55 7
2.04 7
5.309
7. 743
13.98
24.65
48.99
a
p
05
138	 116
	
135	 0.310
1 50
	
125
	
143
	 0.326
1 65	 143	 157
	
0.330
175	 1 53
	
1 69
	 0.330
185	 159
	
178
	
0.322
203	 173
	
1 95
	 0.310
213	 1 79
	
209
	
0.294
225
	
1 88
	
222
	 0.240
253	 203
	
245	 0.22 6
269	 206
	
261
	 0.216
278	 21 6
	
273
	
0.204
139
	
110
	
132
	
0.320
1 53
	
125
	 144
	 0.326
1 69
	
139
	 160
	 0.330
1 79
	
147
	
1 69
	
0.332
1 92
	
1 53
	
180
	 0.340
209
	
1 69
	 200
	 0.32 6
223
	
1 76
	
216
	
0.298
235
	
1 81
	 230
	
0.237
260
	
'9)	 257	 0.205
271
	
204
	
269
	 0.19 7
146
	
111
	
139
	 0.359
160
	
121
	
1 52
	 0.365
1 76
	
134
	 164
	
0.365
187
	
1 44
	 181
	
0.355
200
	
147
	 194
	
0 • 342
21 6
	
1 58
	 206
	
0.333
229
	
179
	 219
	
0.308
249
	
1 91
	 242
	
0.21 7
278
	
213
	 269
	
0.189
148	 110
	 141
	
0.299
1 63
	
117
	
1 55
	
0.313
1 81	 145
	
1 69
	
0.358
222
	
1 66
	
209
	
0.334
238	 1 82
	
226
	
0.3 12
285
	
208
	
284
	
0.195
Test	 b	 b0	 f	 0
RC0178	 56.61	 64.55	 6.20	 1.92	 0.092
RCOI79	 56.34	 63.74	 6.13	 1 .87	 0.177
RCOI8O	 56.40	 64.35	 6.14	 1.76	 0.462
RCO181	 56.24	 64.45	 6.10	 1.72	 1.047
RC0182	 56.03	 63.53	 6.16	 1.75	 2.039
RC0183	 56.35	 64.14	 6.10	 1.71	 5.121
RC0184	 56.00	 64.04	 6.16	 1.79	 10.28
RC0185	 55.41	 63.43	 6.16	 2.76	 20.94
RC0186	 55.39	 63.23	 6.1 7
	
1.65	 50.01
RC0187	 55.39	 63.53	 6.11	 1.69	 70.41
RC0188	 55.83	 63.53	 6.08	 1.64	 103.4
RC0175	 55.16	 63.43	 8.15	 2.19	 0.105
RC0176	 55.16	 63.53	 8.03	 2.02	 0.208
RC0177	 55.44	 63.33	 8.00	 2.02	 0.529
RCOI 58	 55.73	 62.61	 8.08	 2.06	 1.092
RC0159	 55.64	 63.74	 8.12	 2.07	 2.057
RC0160	 55.57	 63.53	 8.09	 2.12	 5.127
RCO161	 55.29	 62.40	 8.05	 2.09	 10.08
RC0172	 55.08	 63.63	 7.97	 2.03	 22.35
RC0173	 55.08	 63.84	 8.00	 1.89	 48.09
RC0174	 55.08	 63.43	 8.14	 2.03	 65.33
RC0155	 54.27	 62.51	 10.95	 3.08	 0.095
RC0154	 55.09	 64.35	 10.92	 2.93	 0.206
RC0138	 54.62	 65.06	 11.03	 3.50	 0.622
RC0137	 56.08	 65.16	 10.92	 3.37	 1.008
RC0153	 56.26	 64.75	 10.90	 2.81	 2.097
RCO15O	 56.64	 64.45	 10.92	 2.60	 5.298
RCO15I	 57.14	 64.75	 10.92	 2.61	 10.84
RC0152	 55.30	 63.84	 10.82	 2.61	 21.25
RC0145	 56.86	 63.33	 10.97	 3.01	 53.31
RCO219	 46.37	 60.08	 10.81	 2.94	 0.095
RCO276	 48.90	 56.71	 11.07	 3.34	 0.178
RCO277	 53.51	 60.24	 11.08	 3.40	 0.512
RCO230	 46.99	 59.37	 10.96	 3.15	 5.075
RCO228	 50.47	 61.73	 10.87	 3.13	 10.18
RCO229	 46.40	 58.73	 10.89	 3.04	 45.91
b = Initial breadth.0
t = Initial thickness.0
= Strain rate.
o	 Peak stress.
p
Os Steady state stress.
00. 15	 Stress at 0.15 straIn.
E = Strain to peak stress.
p
b f
	Final breath.
tf = Final thickness.
I
Table VI
Stress strain data fran axlsymetric ccxnpression tests in AISI 316 stainless steel.
Test	 Direction	 h	 d	 hf	
2	 00.152	
E
tmrnl	 (mm)	 tmml	 (sec I	 (MN/rn I	 (MN/rn I
RCO254	 t	 10.27	 7.18	 4.06	 0.523	 185	 164	 0.465
RCO255	 t	 10.19	 7.09	 3.97	 1.052	 198	 173	 0.505
RCO256	 t	 10.34	 7.18	 3.98	 2.090	 208	 184	 0.530
RCO257	 t	 10.21	 7.17 3.99	 5.266	 236	 204	 0.560
RCO258	 t	 10.31	 7.14	 4.11	 10.11	 257	 220	 0.615
RCO259	 t	 10.34	 7.10	 3.88	 20.35	 269	 239	 0.530
RCO260	 t	 10.21	 7.15	 3.73	 46.65	 306	 277	 0.420
RCO293	 t	 7.26	 7.14	 2.97	 0.765	 196	 169	 0.495
RCO294	 t	 7.13	 7.10	 3.01	 2.705	 229	 192	 0.560
RCO292	 t	 7.23	 7.13	 2.92	 23.26	 287	 258	 0.570
RCO291	 t	 7.37	 7.13	 2.65	 56.25	 314	 285	 0.440
RC0168	 w	 10.40	 7.08	 5.01	 0.529	 185	 160	 0.517
RC0167	 w	 10.33	 7.16	 4.02	 1.048	 211	 178	 0.538
RC0166	 w	 10.55	 7.08	 4.22	 2.113	 216	 186	 0.541
RCOI71	 w	 10.29	 7.15	 5.61	 5.165	 240	 209	 0.624
RC0164	 w	 10.51	 7.12	 3.79	 10.84	 250	 219	 0.649
RC0163	 w	 10.40	 7.12	 3.64	 21.11	 275	 247	 0.605
RC0162	 w	 10.20	 7.17	 2.56	 50.21	 311	 274	 0.583
RCO253	 I	 10.32	 7.18	 4.31	 0.520	 190	 162	 0.515
RCO247	 I	 10.36	 7.17	 4.18	 1.063	 199	 170	 0.535
RCO248	 I	 10.39	 7.14	 4.31	 2.068	 219	 187	 0.575
RCO249	 I	 10.37	 7.14	 4.34	 5.098	 242	 206	 0.620
RCO250	 I	 10.37	 7.10	 4.12	 10.49	 255	 215	 0.640
?tD23)	 )	 ).33	 1.1	 3. <)6 20.72	 2T1	 239	 0.615
h = Initial height.
0
d = InitIal dInrneter.0
E = Strain rate.
o = Peak stress.
00 15 = Stress at 0.15 strain.
= Strain -to peak stress.
p
hf = Final height.
Direction	 Testing direction.
t = Thickness.
w = Width.
= Length.
Table VII
Stress straIn data 1rrji torsIon tests In AISI 316 staInless steel.
	
Test	 I	 d	 E	 0	 0	 0	 E
p 2	 0.l	 p
	
(rnrnl	 [mml	 [sec I	 (MN/rn J	 [MN/rn	 I	 [MN/rn 1.
	
RCO9T	 14.30	 7.11	 0.018	 146	 139	 121	 0.299
	
RCO8T	 14.72	 6.93	 0.028	 168	 154	 158	 0.408
	
RCO7T	 14.80	 7.04	 0.354	 224	 182	 197	 0.448
	
RCO5T	 14.43	 7.01	 0.703	 238	 198	 219	 0.468
	
RCO6T	 14.71	 6.98	 1.499	 266	 219	 235	 0.557
	
RCOI1T	 14.82	 6.97	 0.0032	 82	 70	 74	 0.299
	
RCOIOT	 14.60	 7.00	 0.014	 flU
	RCO12T	 14.74	 7.04	 0.031	 120	 110	 105	 0.368
	
RCOIT	 14.92	 7.02	 0.356	 1.70	 47	 0.423
	
RCO4T	 15.08	 6.97	 0.670	 1.85	 1.54	 762	 0.458
	
t2Z	 4'3	 ?.0	 .37g	 94	 1.61.	 769	 0.493
I = Gauge length. 	 d = Gauge diammeter.
E = StraIn rate.
o = Peak stress.
p
0 = Steady state stress.
00 15 = Stress at 0.15 straIn.
= StraIn to peak stress.
Table VIII
Strain data from the gridded specimens.
Test
RCO 139
RC0140
RCO 141
RCO224
RCO220
RCO226
RCO 147
RCO 148
RC0149
RCO225
RCO222
RCO 142
RCO 143
RC0144
RCO223
RCO221
Ee f
0.137
0.191
0.373
0.551
0.697
0.072
0.180
0.273
0.568
0.586
0.712
0.196
0.256
0.499
0.65
0.738
Ea p
0.155
0.218
0.420
0.615
0.778
0.082
0.201
0.308
0.621
0.644
0.790
0.218
0.320
0.558
0. 719
0.820
0.207
0.298
0.447
0.587
0.789
0.113
0.227
0.323
0.509
0.622
0.798
0.231
0.336
0.507
0.695
0.865
0.189
2.71
0.400
0.523
0.701
0.103
0.206
0.288
0.456
0.564
0.720
0.209
0.304
0.448
0.632
0.783
Enom
0.137
0.202
0.401
0.538
0.735
0.058
0.131
0.243
0.458
0.573
0.734
0.147
0.268
0.470
0.662
0.779
Eslf
0.219
0.324
0.508
0.526
0.831
0. 156
0.236
0.365
0.560
0.630
0.822
0.254
0.373
0. 531
0.705
0.891
5.5
8.0
12.0
6.2
5.1
27.6
3.8
11.5
9.1
1.3
2.9
9.1
9.9
4.5
1.4
2.9
Lef = Effective strain.
Eap = Apparent strain.
= Average strain.
C = Corrected average strain.
C
C	 = Nominal strain.
n om
E51f = Strain in the slip line field.
Li is the variation between	 and s1f
Table IX
Metallographic data from the AISI 316 stainless steel.
Specimen
RCO245
RCO244
RCO236
RCO238
RCO242
RCO243
RCO241
R CO 235
RCO237
RCO239
RC0139
RCO14O
RCO141
RCO224
RCO220
RCO226
RC0147
RCO 148
RC0149
RCO225
RCO222
RC0142
RCO 143
RCO 144
RCO223
RCO221
Temperature
[C]
910
910
910
910
910
910
910
910
910
910
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
1006
[sec]
0. 547
0.547
0.547
0.547
0.547
5. 163
5. 163
5.163
5. 163
5.163
0.413
0.413
0.413
0.413
0.413
4.824
4.824
4.824
4.824
4.824
4.824
43.06
43.06
43.06
43.06
43.06
C
0.162
0.240
0.334
0.451
0.547
0.134
0.232
0.319
0.419
0.561
0.137
0.202
0.401
0.538
0.735
0.058
0.131
0.243
0.458
0.573
0.734
0.147
0.268
0.470
0.662
0.779
Xv
0.115
0.185
0.219
0.285
0.569
0.099
0. 191
0.231
0.394
0.409
0.0
0.077
0.228
0.376
0.518
0.0
0.018
0.064
0.268
0.574
0.811
0.052
0.093
0.394
0.886
0.980
d
[.xm]
15.6 ± 3.5
14.3 ± 4.8
13.3 ± 5.0
13.1 ± 5.5
11.3 ± 3.7
13.7 ± 3.9
11.9 ± 3.6
11.2 ± 4.9
10.5 ± 4.5
8.7 ± 4.1
23.5 ± 3.1
19.7 ± 4.0
14.5 ± 4.7
13.9 ± 4.9
12.6 ± 1.8
26.6 ± 3.6
25.8 ± 5.3
23.0 ± 6.2
17.0 ± 6.0
13.6 ± 3.5
11.7 ± 1.4
21.8 ± 3.9
16.6 ± 3.8
12.2 ± 2.5
12.5 ± 1.9
9.8 ± 1.3
E = Strain rate.
C = Nominal strain.
Xv = Volume fraction recrystallised.
d	 Mean overall grain size.
Figure 1.- Schematic representation of 0, dO/dE and '\/ versus C; a.)
tension, b.) compression. Showing the difference between Consid'ere's
criterion (C) and Hart's criterion (H) for both cases (Jonas et al, 1976).
Figure 2.-	 Schematic diagram of a specimen tested under tensile
conditions. The homogeneous and the imperfect areas are shown (Ghosch,
1978).
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Figure 3.- Stable and unstable domains in ARMCO iron. Grain sizes a.)
17 pm, b.) 25 pm, c.) 40 pm (after Violan, 1973).
Figure 4.-	 Importance of the deceleration parameter ô, upon the
strain gradient, E, with strain (Kocks, 1980).
Figure 5.- Schematic representation of the solutions of equation
(2.69) One branch correspond to the effect of mechanical defects, the other
branch to the deformation defects (Kocks, 1980).
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Figure 6.-	 Load strain curve for a material showing the four stages
of flow localisation (Jalinier et al, 1978).
Figure 7.- Representation of three different instability criteria
(Demeri and Conrad, 1978).
Figure 8.-	 Correlation	 of	 strain rate sensitivity and total
elongation for a variety of materials (Woodford, 1969).
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Figure 9.- Effect of strain rate on ductility of 18Cr, 8 Ni steel;
full lines mean specimen heated directly to test temperature; dashed lines
mean specimen annealed for one hour before testing (after Gittins and
Tegart, 1973).
Figure 10.-	 Comparison of stress-strain curves obtained for lead at
room temperature using different test methods, a.) at low strain rate, b.)
at high strain rate (Sellars, 1981).
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Figure 11.-	 Theoretical slip
compression tests with different
line field solution for p1 ane strain
geometry	 and	 different	 friction
coefficient (after Loong, 1976).
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Figure 12.-
	 Effect of geometry in lead specimens tested at different
strain rates at room temperature under plane strain compression conditions
(Sellars et al, 1976).
Figure 13.-	 Effect of geometry on niobium bearing steel under p1a
strain compression conditions (Foster, 1981).
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Figure 14.-	 Strain at centre-line of plane strain
	 compression
specimens, a.) width over height (w/a) equal to 1.6, b.) w/a = 2.0 (Sellars
et al, 1976).
Figure 15.- Strain distribution field for plane strain compression i
lead tested at room temperature. Data should be multiplied by 1.155 to
obtain uniaxial values of strain (Sellars et al , 1976).
Pb AT ROOM TEMPERATURE; 	 • 0370
0-I STRAIN CONTOURS
02
-, 0-3
0-5
04
E
E
U
z
0
IA.
I-
I
IA,I
	
mm w/h
	
DEF.	 h 0, mrn w/h	 oF.
o	 9'98	 1.61
	 052	 st	 •	 980	 196	 0-70	 3rd
	
• 9 .74	 164	 053 2nd	 0	 972	 200 0 . 71	 1st
	
707	 162	 019	 1st	 A	 7-07	 1-99	 039	 2nd
•ç'
00 /
AA....._A' A
A A
0%
W9-5mm	
_.J
a.)
/A
/O'	
/.\
A	 /	 A
\ ..
00
b.)
1•6
CL
12
A
0 • 4 Y
\h:
3	 4	 5
DISTANCE FROM CE1JTRE mm.
Figure 16.- Stress-strain curves for Armco iron tested at different
strain rates at 700 C (Ininarigeon and Jonas, 1974).
Figure 17.- True resolved shear stress-true resolved shear strain for
<111> single crystals a.) nickel, b.) copper (Gottstein and Kocks, 1983)
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Figure 18.- Stress-strain curves for materials that recrystallise
dynamically, a.) Effect of strain rate on mild steel tested in torsion at
1100 C (after Rossard and Blain, 1955). b.) Effect of testing temperature
on nickel tested in torsion at E 0.016 sec	 (after Luton and Sellars,
1969).
Figure 19.- Predicted stress-strain curves for dynaic
recrystallisation. a.) A cyclic stress-strain curve when the critical
strain to initiate recrystallisation is greater than, the strain occurring
in the time for a large fraction of recrystallisation,
	 >	 b,) A
steady state curve for the condition when Ec < E. The strain for
completion of the first cycle	 equals the sum, Ec + Ex (Luton ad
Sellars, 1969).
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Figure 20.-	 Relation between the critical shear strain
	 for the
onset of dynamic recrystallisation to take place and the shear strain
expected for the onset of steady state if softening were by recovery only
(Sellars, 1978).
Figure 21.- Dependence of the strain to the peak in stress with
strain rate for a mild steel and a titanium bearing steel tested under
plane strain conditions (Leduc, 1980).
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Figure 22.- Dependence of the strain to the peak in stress with
strain rate for lead tested under different conditions (after Sellarset
al , 1976).
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Figure 23.- Temperature-strain curves of different initial thickness
lead specimens tested at room temperature and different strain rates
(Sellars et al , 1976).
Figure 24.- Temperature-strain curves of niobium bearing steel testsi
at different strain rates (Foster, 1981).
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Figure 25.- Specimen to be deformed in the interval 0 < x < 1. The
temperature during the deformation is a function of the position and the
time (Wada et al, 1978).
Figure 26.-	 Temperature, strain rate or strain distribution at
different time intervals for deformed aluminium specimens shown in figure
25 (Wada et al, 1978).
a.) Effect of strain rate in temperature distribution, T 0
 = 500 C,
L = 30 ni.
b.) Effect of strain rate in strain rate distribution, T
	 500 C,
L = 30 iiiii.
c.) Effect of size in temperature distribution, T 0
 = 500 C, Eo
	 10
sec.
d.) Effect of size in strain rate distribution, T 0
 = 500 C, E:i0
sec.
e.) Effect of size in strain distribution, T 0
 = 500 C, E0
 = 10 sec1.
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Figure 27.-	 Comparison of
	 the	 computed	 centre	 and	 average
temperatures and the measured one for some of the tests in figure 3
Figure 28.-
	 Comparison of the
	 computed	 and	 measured centre
temperatures for the tests in figure 24 (Foster, 1981).
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Figure 29.-
	 The	 isothermal built-up and essentially adiabatic
collapse of a dislocation pile-up avalanche (Armstrong et al, 1982).
Figure 30.- Schematic representation of equation (5.17) for adiabatic
deformation in shear stress-shear strain curves (Olsen et al , 1981).
Figure 31.- Strain distribution analysis for a material deformed
according to equation (5.17). a.) Initial grid, b.) grid after 50 psec, c.)
after 70 psec, d.) after 100 psec, e.) shear strain values along A-A' for
different times.
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Figure 32.- Schematic representation of the five rolling schedules.
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Figure 33.- Mean stress-temperature plot for the rolled slabs, table
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Figure 34.-	 Effect of reheating temperature for the AISI type 316
stainless steel. Holding periods of 15 minutes.
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Figure 35.-	 Schematic diagram of the servohydraul ic cornpressio
machine showing the principal parts. The input and output senses are
towards the servo-amplifier.
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Figure 36.-	 Schematic diagram of the device used to transferthe
axisymetric compression specimens around the different furnaces.
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Figure 37.- Schematic diagram showing the relative testing directions
with respect to the rolling one.
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Figure 38.- Load-displacement curves for AISI 316 stainless steel
tested under axisyimietric compression. a.) Before origin correction. b.)
After origin correction.

Figure 39.- Load-displacement curves for AISI 316 stainless steel
tested under plane strain compression, a.) Before origin correction.b,)
After origin correction.

Figure 40.- Experimental determination of the spread coefficient for
the AISI 316 stainless steel tested under plane strain compression.
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Figure 41.-	 Schematic diagram of the gridded specimens, the testing
direction is the same as the specimens marked as normal in the figure 37,
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Figure 42.- Schematic diagram of a specimen showing the possible
positions of the imbeded thermocouples.
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Figure 43.- Stress-strain curves for titanium bearing steel testedj
axisynTnetric compression at 900 C.
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Figure 48.- Initial grain sizes for specimens from schedules iv,
and torsion, table III.
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Figure 49.- Stress-strain curves for AISI type 316 stainless steel i
plane strain compression at 910 C, preheating thnperature 904 C.
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Figure 44.- Stress-strain curves for titanium bearing steel tested in
axisymetric and plane strain compression at 1000 C.
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Figure 45.-	 Strain to the peak versus strain rate plot for titanium
bearing steel.
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Figure 46.- Plot of the logarithm of the Zenr_Hollomon parameter,
versus sinh(cx.o ).
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Figure 47.- Initial grain sizes from specimens obtained from schedule
i tested at 910 C, Table III.
Reheating
	
Grain size
Temp. [C]
	
[pm]
a.) 904
	
18.9 ± 1.8
b.) 1010
	
29.6 ± 2.4
c.) 1095
	
59.3 ± 2.6
d.) 1194
	
158.4 ± 4.1
Electrolytic etching, 100 X.
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Figure 50.- Stress-strain curves for AISI type 316 stainless steel jil
plane strain compression at 910 C, preheating temperature 1010 C.
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Figure 51.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 910 C, preheating temperature 1095 C.
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Figure 52.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 910 C, preheating temperature 1194 C.
c'4
I
i •	 I ,:	 I
:.	 I	 1
• •	
I ':I. .	 J	 I.	 II. '	 J	 ••	 •l
U. I	 J	 '•
,.i	 I
I. .
	 j.	 J
':
/211
	
,:	 /	 ;•. /
	
':1	 /	 ' I
	
I..	 I	 '•	 I
	
•:,	 I	 1:1
	
':	 I	 S
	
S.,	 /	 I.
	
S .	 I	 I
,:j	 i	 S
	
I .	 I	 I
	
::	 I	 I
	
U.	 I
	
':,	 I	 I
	
'.	 I	 s	 :
	
,':j	 /	 '
	
I..	 I
	
I. I	 I
	
I ..	 I	 I
	
:i	 I	 I	 :
:'.
!
ci °'t-	 Lfla'
i".'	 :''
v-si
	
I	 +1
	
'01	 C
rnI L )	 Em..f.LflSO	 o.sc'-J(n
	
I	 iJ- --	 G) (N
- 
LI NJ r s- - r r - '-
II WQODDQODQ
II o - Li Li Li Li Li Li Li Li Li
<(i- - (11 C ( Q
<aL)DWLLS4
CuC-
-4-
o	 0 0o	 0(-)
{z W /NN] SSJ4S
0
Figure 53.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 1006 C, h/w = 0.40.
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Figure 54.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 1006 C, h/w = 0.53.
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Figure 55.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 1006 C, h/w = 0.73.
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Figure 56.- Stress-strain curves for AISI type 316 stainless steel in
plane strain compression at 1006 C, transverse specimens, h/w = 0.73.
c4-(11
(N
	
Lfl	 - 1J
L,
c/il	 - -
ml 'o U	 ,o
	
I c > E -	 t- C'J (Ti C'.J c'.J(O •
	 jCJ-1(11 '- C OQQQDDQ
I C— O Li Li Li C-) Li Li Li
I—I--(/)
<DL)DUJU
0
0	 0	 0ç\j
fz W 1NNI ss3J4S
Figure 57.- Stress-strain curves for AISI type 316 stainless steel in
axisynTnetric compression at 1006 C, through the thickness direction. The
broken curves correspond to the specimens machined to obtain a width over
diameter ratio equal to 1.
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Figure 58.- Stress-strain curves for AISI type 316 stainless steel in
axisymetric compression at 1006 C, through the width direction.
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Figure 59.- Stress-strain curves for AISI type 316 stainless steel in
axisyrrnetric compression at 1006 C, through the length direction.
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Figure 60.- Stress-strain curves for AISI type 316 stainless steel in
torsion at 905 C.
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Hgure 61.- Stress-strain curves for AISI type 316 stainless steel in
torsion at 1008 C.
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Figure 62.-	 Strain to the peak versus strain rate plot for specimens
tested at around 900 C.
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Figure 63.- Strain to the peak versus strain rate plot for specifflells
tested at around 1000 c.
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Figure 64.- Plot of values of the stress at 0.15 strain versus strain
rate for specimens tested at around 900 C.
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Figure 65.- Plot of values of the stress at 0.15 strain versus strain
rate for specimens tested at around 1000 C.
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Figure 66.-	 Plot of logarithm of the Zener-Hollomon parameter versus
logarithm of stress at 0.15 of strain for AISI type 316 stainless steel.
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Figure 67.- Plot of values of peak stress versus strain rate for
specimens tested at around 900 C.
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Figure 68.-	 Plot of values of peak stress versus strain rate for
specimens tested at around 1000 C.
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Figure 69.- Plot of logarithm of the Zener-Nollomon parameter versus
logarithm of peak stress for AISI type 316 stainless steel.
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Figure 70.-	 Plot of logarithm of the Zener-Hollomon parameter versus
logarithm of steady stress for AISI type 316 stainless steel.
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Figure 71.- Plot of stress to 0.15 strain versus initial grain size
for plane strain compression tests at 910 C.
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Figure 72.-	 Plot of peak stress versus initial grain size for p1a
strain compression tests at 910 C.
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Figure 73.- Double deformat.ion tests dt strdfn rcte o( 0.5 sec.
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Figure 74.- Double deformation tests at strain rate of 5 sec1.
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Figure 75.- RestoratiOn curves for the tests shown in figures 73 afid
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Figure 76.-	 Stress-strain curves of the interrupted tests used to
measured the strain dstributon analysis and its correspondence with the
microstructure. a.) T = 910 C. b.) T = 1006 C.
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Figure 77.- Photographs of grids after deformation, 5 X.
Specimen	 Nominal	 Strain rate
strain	 [sec1]
RCO226	 0.058	 4.824
RC0139	 0.137	 0.413
RC0147	 0.131	 4.824
RC0142	 0.147	 43.06
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Figure 78.- Photographs of grids after deformation, 5 X.
Specimen	 Nominal	 Strain rate
strain	 [sec1]
RCO14O	 0.202	 0.413
RC0148	 0.243	 4.824
RC0143	 0.268	 43.06
RCO14O
RL0148
R[0143
Figure 79.- Photographs of grids after deformation, 5 X.
Specimen	 Nominal	 Strain rate
strain	 [sec1]
RCO141	 0.401	 0.413
RC0149	 0.458	 4.824
RC0144	 0.470	 43.06
R CO 141
R[014.9
RC0144
Figure 80.- Photographs of grids after deformation, 5 X.
Specimen	 Nominal	 Strain rate
strain	 [sec1]
RCO224	 0.538	 0.413
RCO225	 C.573	 4.824
RCO223	 0.662	 43.06
pCO 224
R[0223
[O223
Figure 81.- Photographs of grids after deformation, 5 X.
Specimen	 Nominal	 Strain rate
strain	 [sec]
RCO220	 0.735	 0.413
RCO222	 0.734	 4.824
RCO221	 0.779	 43.06
RCO220
RCO 222
RCO221
Figure 82.-	 Deformation paths of the nodes obtained from gridded
specimens tested at 0.413 sec. Only alternate columns and rows are
marked.
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Figure 83.-	 Deformation paths of the nodes obtained from gridded
specimens tested at 4.824 sec 1 . Only alternate columns and rows are
marked.
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Figure 84.-	 Deformation paths of the nodes obtained from gridded
specimens tested at 43.06 sec 1 . Only alternate columns and rows ere
marked.
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Figure 85.-	 Strain distribution
sec1.
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Figure 86.- Strain distribution map of specimens deformed at 0.413
-1
sec
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Figure 87.-	 Strain distribution map of specimen RCO226 deformed at
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Figure 88.- Strain distribution map of specimens deformed at 4.824
-1
sec
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Figure 89.-	 Strain distribution map of specimens defomed at 4.824
-1
sec
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Figure 90.- Strain distribution map of specimens deformed at 43.06
-11
sec
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Figure 91.-
	 Strain distribution map of specimens deformed at 43.06
sec.
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Figure 92.- Histograms for the specimens deformed at 0.413 sec. The
strain intervals corresponds to the ones in the previous figures. The
normalized intervals are the result of dividing the value of strain in each
element by the nominal strain.
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Figure 93.- Histograms for the specimens deformed at 4.824 sec'. The
strain intervals corresponds to the ones in the previous figures. The
normalized intervais are the result of dividing the value of strain in each
element by the nominal strain.
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Figure 94.- Histograms for the specimens deformed at 43.06 sec 1 . The
strain intervals corresponds to the ones in the previous figures. The
normalized intervals are the result of dividing the value of strain in each
element by the nominal strain.
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Figure 95.- Plot of the calculated average strain (corrected to allow
deviation from the plane strain deformation mode) versus the nominal strain
for the gridded specimens.
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Figure 96.-	 Plot of the calculated strain average over the slip line
field versus the average strain in the whole specimen area under the tools
for the gridded specimens.
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Figure 97.-
	 Plot of the corrected average strain in the 1O of the
deforming area with the highest and lowest strains against nominal strain.
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Figure 98.- Micrographs from the centre of specimens deformed at
0.547 sec 1 at 910 C. 500 X.
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Figure 99.-	 Micrographs from the centre of specimens deformed at
5.163 sec	 at 910 C. 500 X.
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Figure 100.- Micrographs from the centre of specimens deformed at
0.413 sec
	 at 1006 C. 500 X.
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Figure 101.-	 Micrographs from the centre of specimens deformed at
4.824 sec	 at 1006 C. 500 X.
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Figure 102.- Micrographs from the centre of specimens deformed at
43.06 sec' 1 at 1006 C. 500 X.
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Figure 103.- Evolution of the grain size during deformation at 910 C.
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Figure 104.-	 Evolution of the grain size during deformation at 1006
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Figure 105.- Variation of the grain size against the modified time
parameter for the specimens tested at 910 C.
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Figure 106.-	 Variation of the grain size against the modified time
parameter for the specimens tested at 1006 C.
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Figure 107.- Dynamic recrystallisation kinetics for the specimens
tested at 910 C.
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Figure 108.-	 Dynamic recrystallisation kinetics for the specimens
tested at 1006 C.
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Figure 109.- Representation of the recrystallisation kinetics against
strain for recrystallised fractions measured over the surface of the
specimen, full points, and along lines of constant strain, empty points,
for the material deformed at 1006 C.
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Figure 110.- Representation of the recrystallised fraction against
the ratio of the nominal strain over the strain to the peak.
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Figure 111.-	 Stress-strain curves for 5 m thick titanium bearing
steel deformed with inserted thermocouples.
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Figure 112.- Temperature-strain curves for the 5 m thick titanium
specimens.

Figure 113.-	 Stress-strain curves for the AISI type 316 stainless
steel deformed with thermocouples in the centre. Specimen RCO275 was 6 m
thick, RCO274 was 8 m. Specimen RCO272 was deformed with one thermocouple
in the centre and one in the shoulder.

Figure 114.-	 Temperature-strain curves for stainless steel specimens
tested at 0.5 and 50 sec. The temperature output was via the servo-
hydraulic machine.
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Figure 115.-	 Temperature-strain curves for stainless steel specimens
tested at 5 sec'. The temperature output was via the servo-hydraulic
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Figure 116.- Temperature-strain curves for stainless steel specimens.
The temperature output was via the ultraviolet recorder in order to follow
the whole temperature evolution.
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Figure 117.- Increase of temperature versus strain rate plot for the
stainless steel specimens in figures 114 to 116.
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Figure 118.-	 Temperature-strain plot for the specimens deformed at
0.5 sec
	
with two thermocouples.
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Figure 119.- Temperature-strain plot for the specimens deformed at 5
sec	 with two thermocouples.
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Figure 120.- Temperature-strain p'ot for the specimens deformed at 50
sec	 with two thermocouples.
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Figure 121.-	 Initial velocity versus stress for the stress-strain
data obtained when testing plane strain specimens at 1006 C with different
initial thickness.
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Figure 122.-	 Traces of the experimental data from figure 63.
Different corrections are carried
	
out	 to	 compensate
	
for	 strain
heterogeneity.
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Figure 123.- Stress-strain curves obtained from specimens deformed at
around 1000 C under different testing conditions.
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Figure 124.- Alpha-strain curves for the plane strain specimens, 6 m
thick, from figure 123. Key as in that figure.
Figure 125.-	 Alpha-strain curves for the plane strain specimens, 11
nn thick, from figure 123. Key as in that figure.
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Figure 126.- Alpha-strain curves for the axisymetric specimens from
figure 123. Key as in that figure.
Figure 127.-	 Alpha-strain curves for the torsion specimens from
figure 123. Key as in that figure.
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Figure 128.- Plot of the strain measured when a = 5 against strain
rate for the curves in figures 124 to 127.
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Figure 129.-	 Load-displacement curves for the axisymmetric specimens
shown in figure 123. Key as in that figure.
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Figure 130.- Influence of the stress level and of the temperature
increase rate in an hypothetical work hardening and recovery only material.
a.) Stress-strain curves. b.) Temperature-strain curves.
A Hypothetical material.
B Low stress; full adiabatic conditions.
B' Low stress; half of the adiabatic rise in temperature.
C High stress; full adiabatic conditions.
C' High stress; half of the adiabatic rise in temperature.
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Figure 131.-
	 Approximated positions of the inserted thermocouples.
The points marked A, A' and B correspond to those in figures 118 to 120.
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Figure 132.- Strain in the slip line field, as measured from the
gridded specimens, plotted against the polynomial
= 0.0095 + 2•l6En - 3.64E + 2.98E
is fitted though the data.
1.0
C
C-
1/)
-D
0)
0.6
1/)
0.4
0.2
I
I
/I//	 '/	 //	 ,/ ,/
N '
F
/
,
1
A ',
'	 ,
, /
,	 /
A	 ,/,
_.i ,.
. ,_•
,
,
I
,
I	 /
I
/	 ,
,I
/
A-N,,
	
I	 /
	
.'	 /
I
,
/
,
/
/
//
,/
,
I
A ,''/
,/
,/
/
,
,
,/
/ ,
AISI 316 SS
€ [sec1]
•	 0.413
A 4824
• 43.06
0
	
0.2
	
0.4
	
0.6
	
0.8
Nominal strain
Figure 133.-	 Comparison of the stress-strain curves obtained under
axisynnetric and plane strain compression. The corrections allowed for the
axisymetric test are shown.
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Figure 134.- Schematic variation of the local shear strain rate
against a.) constant tool width over specimen height, b.) strain.
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Figure 135.- Comparison of stress-strain curves obtained in plane
strain compression with specimens with different original geometry.
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